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1
SEMICONDUCTOR DEVICE INCLUDING
OXIDE SEMICONDUCTOR LAYER

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to a semiconductor device
including an oxide semiconductor and a manufacturing
method of the semiconductor device.

In this specification, a semiconductor device means a
device which can function by utilizing semiconductor char-
acteristics, and an electrooptic device, a semiconductor cir-
cuit, and an electronic device are all semiconductor devices.

2. Description of the Related Art

In recent years, semiconductor devices have been devel-
oped to be used mainly for an LSI, a CPU, or a memory. A
CPU is an aggregation of semiconductor elements each pro-
vided with an electrode which is a connection terminal, which
includes a semiconductor integrated circuit (including at least
a transistor and a memory) separated from a semiconductor
wafer.

A semiconductor circuit (IC chip) of an LSI, a CPU, or a
memory is mounted on a circuit board, for example, a printed
wiring board, to be used as one of components of a variety of
electronic devices.

A technique for manufacturing a transistor by using an
oxide semiconductor film for a channel formation region, or
the like has been attracting attention. Examples of such a
transistor include a transistor in which zinc oxide (ZnO) is
used as an oxide semiconductor film and a transistor in which
InGa04(Zn0),, is used as an oxide semiconductor film. A
technique in which a switching element, such as a transistor,
in which a channel formation region is formed in an oxide
semiconductor film is used for manufacturing an active
matrix display device has also been developed.

Patent Document 1 discloses a three-layer structure in
which a first multi-component oxide semiconductor layer is
provided over a substrate, a one-component oxide semicon-
ductor layer is stacked over the first multi-component oxide
semiconductor layer, and a second multi-component oxide
semiconductor layer is stacked over the one-component oxide
semiconductor layer.

Non-Patent Document 1 discloses a transistor having a
stack of oxide semiconductors.

REFERENCE
Patent Document

[Patent Document 1] Japanese Published Patent Application
No. 2011-155249

Non-Patent Document

[Non-Patent Document 1] Arokia Nathan et al., “Amorphous
Oxide TFTs: Progress and issues™, SID 2012 Digest pp.
1-4.

SUMMARY OF THE INVENTION

The electrical characteristics of a transistor including an
oxide semiconductor layer are varied by influence of an insu-
lating film in contact with the oxide semiconductor layer, that
is, by an interface state between the oxide semiconductor
layer and the insulating film.

For example, interface scattering of carriers at the interface
between the oxide semiconductor layer and the insulating
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layer in contact with the oxide semiconductor layer causes
degradation of the field-effect mobility of the transistor.
Moreover, if a trap level (also referred to as an interface state)
exists at that interface, the trap level causes a change in the
electrical characteristics (e.g., the threshold voltage, the sub-
threshold swing (S value), or the field-effect mobility) of the
transistor.

An object of one embodiment of the present invention is to
provide a structure of a transistor having high field-effect
mobility.

Another object of one embodiment of the present invention
is to provide a highly reliable semiconductor device including
an oxide semiconductor by preventing a change in its electri-
cal characteristics.

Thus, in order that an oxide semiconductor layer through
which carriers flow is not in contact with a gate insulating film
containing silicon, a structure in which the oxide semicon-
ductor layer through which carriers flow is separated from the
gate insulating film containing silicon is employed.

Specifically, a first oxide semiconductor layer S1, a second
oxide semiconductor layer S2, and a third oxide semiconduc-
tor layer S3 are sequentially stacked, so thata structure having
an energy band diagram (which is a schematic diagram)
shown in FIG. 1B is formed. In the energy band diagram
shown in FIG. 1B, the energy level of the bottom of the
conduction band in the second oxide semiconductor layer S2
is lower than those of the bottoms of the conduction band in
the first oxide semiconductor layer S1 and the third oxide
semiconductor layer S3. Further, the energy band diagram
preferably has a round well structure in which the energy of
the bottom of a conduction band is continuously changed to
the energy of the bottom of an adjacent conduction band.

A structure of one embodiment of the present invention
disclosed in this specification is a semiconductor device
including a first insulating layer over an insulating surface, a
first oxide semiconductor layer over the first insulating layer,
a second oxide semiconductor layer over the first oxide semi-
conductor layer, a third oxide semiconductor layer over the
second oxide semiconductor layer, and a second insulating
layer over the third oxide semiconductor layer. At the inter-
face between the second oxide semiconductor layer and the
first oxide semiconductor layer and in the vicinity of the
interface, the energy of the bottom of the conductive band of
the first oxide semiconductor layer is continuously changed
to the energy of the bottom of the conductive band of the
second oxide semiconductor layer. In other words, the energy
of the bottom of the conduction band of the first oxide semi-
conductor layer S1 is connected to the energy of the bottom of
the conduction band of the second oxide semiconductor layer
S2 at the interface between the first oxide semiconductor
layer S1 and the second oxide semiconductor layer S2 and in
the vicinity of the interface, so that a curved band diagram
shown in FIG. 1B is made. This is because the second oxide
semiconductor layer S2 contains an element common to the
first oxide semiconductor layer S1, and oxygen moves
between the first oxide semiconductor layer S1 and the sec-
ond oxide semiconductor layer S2 to form a mixed layer. On
the other hand, in the case where the energy of the bottom of
the conduction band of a layer is not continuously changed to
the energy of the bottom of the conduction band of another
layer at the interface between the two layers and in the vicin-
ity of the interface, the energy level is steeply changed so that
a step-like band diagram is made.

In the above structure, it is preferable that materials and
compositions of the second oxide semiconductor layer and
the third oxide semiconductor layer be adjusted so that the
energy of the bottom of the conductive band of the second
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oxide semiconductor layer is continuously changed to the
conductive band of the third oxide semiconductor layer at the
interface between the second oxide semiconductor layer and
the third oxide semiconductor layer and in the vicinity of the
interface.

Further, in the above structure, the composition of the
second oxide semiconductor layer is different from those of
the first and third oxide semiconductor layers.

As a material of the first oxide semiconductor layer S1, a
material which can be represented as M1, M2,M3_O_ (ais a
real number greater than or equal to 0 and less than or equal to
2,b is areal number greater than 0 and less than or equal to 5,
¢ is a real number greater than or equal to O and less than or
equal to 5, and x is an arbitrary real number) is used. Ga, Mg,
Hf, Al, Zr, Sn, or the like can be used as the constituent
element M2 to function as a stabilizer for reducing the num-
ber of oxygen vacancies in an oxide semiconductor. As
another stabilizer, one or plural kinds of lanthanoid such as
lanthanum (La), cerium (Ce), praseodymium (Pr), neody-
mium (Nd), samarium (Sm), europium (Eu), gadolinium
(Gd), terbium (Tb), dysprosium (Dy), holmium (Ho), erbium
(Er), thulium (Tm), ytterbium (Yb), or lutetium (Lu) may be
contained. As the constituent element M1, indium or the like
is used. As the constituent element M3, zinc or the like is used.

Typically, for the first oxide semiconductor layer S1, a
gallium oxide film, a gallium zinc oxide film, or a material
film in which the content of the constituent element M2 is
higher than the content of the constituent element M1 is used.
For example, an In—Ga—Z7n-based oxide film which is
deposited using a sputtering target having any of atomic ratios
of In:Ga:Zn=1:3:2, In:Ga:Zn=1:4:2, and In:Ga:Zn=1:5:4 is
used. In forming the first oxide semiconductor layer, deposi-
tion is preferably performed by a sputtering method in a
mixed atmosphere containing more oxygen than a rare gas
and more preferably in an oxygen atmosphere (oxygen:
100%), and the resulting oxide semiconductor layer can also
be referred to as a first I-type oxide semiconductor layer. The
first I-type oxide semiconductor layer is a highly purified
oxide semiconductor layer that contains impurities other than
the main components of the oxide semiconductor layer as
little as possible and is an I-type (intrinsic) oxide semicon-
ductor or close thereto. In such an oxide semiconductor layer,
the Fermi level (Ef) can be at the same level as the intrinsic
Fermi level (Ei).

Further, the thickness of the first oxide semiconductor
layer S1 is preferably smaller than those of the second oxide
semiconductor layer S2 and the third oxide semiconductor
layer S3, and is less than or equal to 10 nm, preferably less
than or equal to 5 nm.

For the second oxide semiconductor layer S2, a material
which can be represented as M4, M5 M6,0, (d is a real num-
ber greater than 0 and less than or equal to 5, e is a real number
greater than or equal to 0 and less than or equal to 3, fis a real
number greater than 0 and less than or equal to 5, and x is an
arbitrary positive number) is used. Ga, Mg, Hf, Al, Zr, Sn, or
the like can be used as the constituent element M5 to function
as a stabilizer for reducing the number of oxygen vacancies in
an oxide semiconductor. As another stabilizer, one or plural
kinds of lanthanoid such as lanthanum (La), cerium (Ce),
praseodymium (Pr), neodymium (Nd), samarium (Sm),
europium (Eu), gadolinium (Gd), terbium (Tb), dysprosium
(Dy), holmium (Ho), erbium (Er), thulium (Tm), ytterbium
(Yb), or lutetium (Lu) may be contained. As the constituent
element M4, indium or the like is used. As the constituent
element M6, zinc or the like is used. Typically, a material film
in which the content of the constituent element M4 is higher
than the content of the constituent element M5 is used. For
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example, an In—Ga—Z7n-based oxide film which is depos-
ited using a sputtering target having an atomic ratio of In:Ga:
Zn=3:1:2 is used. In forming the second oxide semiconductor
layer, deposition is preferably performed by a sputtering
method in a mixed atmosphere containing more oxygen than
a rare gas and more preferably in an oxygen atmosphere
(oxygen: 100%), and the resulting oxide semiconductor layer
can also be referred to as a second I-type oxide semiconductor
layer. The second I-type oxide semiconductor layer is a
highly purified oxide semiconductor layer that contains
impurities other than the main components of the oxide semi-
conductor layer as little as possible and is an I-type (intrinsic)
oxide semiconductor or close thereto. In this manner, the
Fermi level (E.) can be equal to the intrinsic Fermi level (E,).

For the third oxide semiconductor layer S3, a material
which can be represented as M7, M8,M9,0_ (g is a real num-
ber greater than or equal to 0 and less than or equal to 2, h is
a real number greater than 0 and less than or equal to 5,iis a
real number greater than or equal to 0 and less than or equal to
5, and x is an arbitrary real number) is used. Ga, Mg, Hf, Al,
Zr, Sn, or the like can be used as the constituent element M8
to function as a stabilizer for reducing the number of oxygen
vacancies in an oxide semiconductor. As another stabilizer,
one or plural kinds of lanthanoid such as lanthanum (La),
cerium (Ce), praseodymium (Pr), neodymium (Nd),
samarium (Sm), europium (Eu), gadolinium (Gd), terbium
(Tb), dysprosium (Dy), holmium (Ho), erbium (Er), thulium
(Tm), ytterbium (Yb), or lutetium (L.u) may be contained. As
the constituent element M7, indium or the like is used. As the
constituent element M9, zinc or the like is used. Typically, a
material film in which the content of the constituent element
M7 is substantially equal to the content of the constituent
element M8 is used. For example, an In—Ga—Zn-based
oxide film which is deposited using a sputtering target having
an atomic ratio of In:Ga:Zn=1:1:1 is used. In forming the
third oxide semiconductor layer, deposition is preferably per-
formed by a sputtering method in a mixed atmosphere con-
taining more oxygen than arare gas and more preferably in an
oxygen atmosphere (oxygen: 100%), and the resulting oxide
semiconductor layer can also be referred to as a third I-type
oxide semiconductor layer.

In the case of a bottom-gate transistor, a gate electrode
layer is provided between the insulating surface and the first
insulating layer in the above structure.

On the other hand, in the case of a top-gate transistor, a gate
electrode layer is provided over the second insulating layer in
the above structure.

Further, in the case of a dual-gate transistor including gate
electrode layers over and below the first, second, and third
oxide semiconductor layers, a first gate electrode layer is
provided between the insulating surface and the first insulat-
ing layer, and a second gate electrode layer is provided over
the second insulating layer in the above structure.

The first, second, or third oxide semiconductor layerisina
single crystal state, a polycrystalline (also referred to as poly-
crystal) state, an amorphous state, or the like.

The first, second, or third oxide semiconductor layer is
preferably a c-axis aligned crystalline oxide semiconductor
(CAAC-0OS) film.

The CAAC-OS film is not completely single crystal nor
completely amorphous. The CAAC-OS film is one of oxide
semiconductor films having a plurality of c-axis aligned crys-
tal parts. In a transmission electron microscope (TEM) image
of'the CAAC-OS film, a boundary between crystal parts, that
is, a grain boundary is not clearly observed. Thus, in the
CAAC-OS film, a reduction in electron mobility due to the
grain boundary is less likely to occur. From the results of the
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cross-sectional TEM image and the plan TEM image, align-
ment is found in the crystal parts in the CAAC-OS film. Most
of the crystal parts included in the CAAC-OS film each fit
inside a cube whose one side is less than 100 nm. Thus, there
is a case where a crystal part included in the CAAC-OS film
fits a cube whose one side is less than 10 nm, less than 5 nm,
or less than 3 nm. Note that when a plurality of crystal parts
included in the CAAC-OS film are connected to each other,
one large crystal region is formed in some cases. For example,
a crystal region with an area of 2500 nm? or more, 5 um® or
more, or 1000 pm? or more is observed in some cases in the
plan TEM image.

In each of the crystal parts included in the CAAC-OS film,
a c-axis is aligned in a direction parallel to a normal vector of
a surface where the CAAC-OS film is formed or a normal
vector of a surface of the CAAC-OS film, triangular or hex-
agonal atomic arrangement which is seen from the direction
perpendicular to the a-b plane is formed, and metal atoms are
arranged in a layered manner or metal atoms and oxygen
atoms are arranged in a layered manner when seen from the
direction perpendicular to the c-axis. Note that, among crystal
parts, the directions of the a-axis and the b-axis of one crystal
part may be different from those of another crystal part. In this
specification, a simple term “perpendicular” includes a range
from 85° 10 95°. In addition, a simple term “parallel” includes
a range from -5° to 5°.

In the CAAC-OS film, distribution of crystal parts is not
necessarily uniform. For example, in the formation process of
the CAAC-OS film, in the case where crystal growth occurs
from a surface side of the oxide semiconductor film, the
proportion of crystal parts in the vicinity of the surface of the
oxide semiconductor film is higher than that in the vicinity of
the surface where the oxide semiconductor film is formed in
some cases. Further, when an impurity is added to the CAAC-
OS film, the crystal part in a region to which the impurity is
added becomes amorphous in some cases.

Since the c-axes of the crystal parts included in the CAAC-
OS film are aligned in the direction parallel to a normal vector
of a surface where the CAAC-OS film is formed or a normal
vector of a surface of the CAAC-OS film, the directions of the
c-axes may be different from each other depending on the
shape of the CAAC-OS film (the cross-sectional shape of the
surface where the CAAC-OS film is formed or the cross-
sectional shape of the surface of the CAAC-OS film). Note
that when the CAAC-OS film is formed, the direction of
c-axis of the crystal part is the direction parallel to a normal
vector of the surface where the CAAC-OS film is formed ora
normal vector of the surface of the CAAC-OS film. The
crystal part is formed by film formation or by performing
treatment for crystallization such as heat treatment after film
formation.

During deposition, fine sputtering particles fly from a sput-
tering target, and a film is formed so that the sputtering par-
ticles adhere onto the deposition-target substrate. When the
temperature of the substrate is higher than or equal to 200° C.,
the sputtering particles are rearranged because the substrate is
heated. Thus, a dense film is formed.

A phenomenon in the deposition is described in detail
using FIGS. 16 A to 16C, FIGS.17A and 17B, and FIGS. 18A
to 18C.

When ions collide with the surface of the sputtering target,
the crystal region included in the sputtering target is cleaved
along an a-b plane, and sputtered particles whose top and
bottom surfaces are each aligned with a layer parallel to the
a-b plane (flat-plate-like sputtered particle or pellet-like sput-
tered particle) are separated from the sputtering target.
Assuming that the crystalline particle which is sputtered from
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a surface of a sputtering target 2002 and released has c-axis
alignment and is a flat-plate-like sputtered particle 2001 as
illustrated in FIG. 16A, a schematic model diagram in FIG.
16B can be obtained. The flat-plate-like sputtered particle is
preferably a (Ga or Zn)O plane as illustrated in FIG. 16C.

When the oxygen flow rate is high and the pressure in a
chamber 2003 is high during deposition, as illustrated in FIG.
17A, oxygen ions are attached onto the flat-plate-like sput-
tered particle and the sputtered particle can have a large
amount of oxygen on its surface. Another flat-plate-like sput-
tered particle is stacked thereover before the attached oxygen
is released; therefore, as illustrated in FIG. 18C, a large
amount of oxygen can be contained in the film. This adsorbed
oxygen contributes to a reduction in oxygen vacancies in the
oxide semiconductor.

To form an oxide semiconductor film including a crystal
region with c-axis alignment, the substrate temperature in
film formation is preferably increased. However, when the
substrate temperature is higher than 350° C., the adsorbed
oxygen might be released as illustrated in FIG. 17B. Accord-
ingly, the substrate temperature is set to be higher than or
equalto 150° C. and lower than or equal to 350° C., preferably
higher than or equal to 160° C. and lower than or equal to 230°
C., and an oxygen gas is used alone as the deposition gas,
whereby an oxide semiconductor film including a crystal
region with c-axis alignment, i.e., a CAAC-OS film can be
formed.

FIG. 18A is a model of a process in the deposition, in which
one flat-plate-like sputtered particle reaches a surface of a
substrate 2000 to be stabilized. As illustrated in FIG. 18A, the
flat-plate-like sputtered particle reaches the substrate surface
with its crystalline state maintained; thus, a CAAC-OS film is
likely to be formed. Further, flat-plate-like sputtered particles
are stacked as illustrated in FIG. 18B; thus, a CAAC-OS film
is likely to be formed. Note that a CAAC-OS film is a film
which contains much oxygen as illustrated in FIG. 18C and in
which oxygen vacancies are reduced.

Inthe CAAC-OS film over the substrate 2000, about 2 to 20
indium atoms are aligned in a lateral direction to form a layer
including indium atoms. Note that in the layer including
indium atoms, more than 20 indium atoms are aligned in a
lateral direction in some cases. For example, more than or
equal to 2 to fewer than or equal to 50 indium atoms, more
than or equal to 2 to fewer than or equal to 100 indium atoms,
ormore than or equal to 2 to fewer than or equal to 500 indium
atoms may be aligned in a lateral direction.

Layers including indium atoms overlap with each other.
The number oflayers is greater than or equal to 1 and less than
or equal to 20, greater than or equal to 1 and less than or equal
to 10, or greater than or equal to 1 and less than or equal to 4.

As described above, a stack of the layers including indium
atoms often appears to be a cluster including several indium
atoms in a lateral direction and several layers in a longitudinal
direction. This is because each of the sputtering particles has
a flat-plate-like shape.

At least for the second oxide semiconductor layer, the
CAAC-OS film is preferably used.

For the deposition of the CAAC-OS film, the following
conditions are preferably used.

Reduction in the amount of impurities entering the CAAC-
OS layer during the deposition can prevent the crystal state
from being broken by the impurities. For example, impurities
(e.g., hydrogen, water, carbon dioxide, or nitrogen) which
exist in the deposition chamber may be reduced. Further-
more, impurities in a deposition gas may be reduced. Specifi-
cally, a deposition gas whose dew point is —80° C. or lower,
preferably —100° C. or lower is used.
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By increasing the substrate heating temperature during the
deposition, migration of a sputtered particle is likely to occur
after the sputtered particle is attached to a substrate surface.
Specifically, the substrate heating temperature during the
deposition is higher than or equal to 100° C. and lower than or
equal to 740° C., preferably higher than or equal to 200° C.
and lower than or equal to 500° C. By increasing the substrate
heating temperature during the deposition, when the flat-
plate-like sputtered particle reaches the substrate, migration
occurs on the substrate surface, so that a flat plane of the
flat-plate-like sputtered particle is attached to the substrate.

Furthermore, it is preferable that the proportion of oxygen
in the deposition gas be increased and the power be optimized
in order to reduce plasma damage at the deposition. The
proportion of oxygen in the deposition gas is 30 vol % or
higher, preferably 100 vol %.

As an example of the sputtering target, an In—Ga—Z7n-
based oxide target is described below.

The polycrystalline In—Ga—7Z7n-based oxide target is
made by mixing InO, powder, GaO, powder, and ZnO_ pow-
der in a predetermined ratio and performing heat treatment at
atemperature higher than or equal to 1000° C. and lower than
or equal to 1500° C. Note that X, Y, and Z are each a given
positive number. Here, the predetermined molar ratio of InO,,,
powder to GaO, powder and ZnO,, powder is, for example,
2:2:1, 5:1:5,8:4:3, 3:1:1, 1:1:1, 4:2:3, or 3:1:2. The kinds of
powder and the molar ratio for mixing powder may be deter-
mined as appropriate depending on the desired sputtering
target.

With the use of the CAAC-OS film in a transistor, change
in electrical characteristics of the transistor due to irradiation
with visible light or ultraviolet light is small. Thus, the tran-
sistor has high reliability.

In the case where a CAAC-OS film is used for the first,
second, and third oxide semiconductor layers, since the first
oxide semiconductor layer has the same crystal structure as
the second oxide semiconductor layer, the number of levels
can be small at the interface thereof, so that high field-effect
mobility can be achieved. Further, it is preferable that the
second oxide semiconductor layer be formed on and in con-
tact with the first oxide semiconductor layer that is a CAAC-
OS film because the second oxide semiconductor layer
formed over the first oxide semiconductor layer is easily
crystallized using the first oxide semiconductor layer as a
crystal seed, so that the first and second oxide semiconductor
layers can have the same crystal structure.

A transistor structure with high field-effect mobility can be
achieved.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGS. 1A to 1D are cross-sectional views, a band diagram,
and a top view illustrating one embodiment of the present
invention.

FIGS. 2A to 2D are cross-sectional views illustrating
manufacturing steps of one embodiment of the present inven-
tion.

FIGS. 3A and 3B are a cross-sectional view and a top view
illustrating one embodiment of the present invention.

FIGS. 4A to 4C are cross-sectional views and a top view of
one embodiment of the present invention.

FIGS. 5A and 5B are a cross-sectional view and a circuit
diagram illustrating one embodiment of the present inven-
tion.

FIGS. 6A to 6C are a cross-sectional view and circuit
diagrams illustrating one embodiment of the present inven-
tion.
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FIG. 7 is a circuit diagram illustrating one embodiment of
the present invention.

FIG. 8 is a perspective view illustrating one embodiment of
the present invention.

FIGS. 9A to 9C are circuit diagrams of one embodiment of
the present invention.

FIGS. 10A to 10C are a top view and cross-sectional views
illustrating one embodiment of the present invention.

FIGS. 11A to 11C are top views illustrating one embodi-
ment of the present invention.

FIGS. 12A and 12B are cross-sectional views illustrating
one embodiment of the present invention.

FIGS. 13A and 13B are a top view and a cross-sectional
view illustrating one embodiment of the present invention.

FIGS. 14A to 14C illustrate electronic devices.

FIGS. 15A to 15C illustrate electronic devices.

FIG. 16A is a schematic view of a flat-plate-like sputtered
particle, FIG. 16B is a model diagram during deposition, and
FIG. 16C is a model diagram showing the state of the flat-
plate-like sputtered particle.

FIG. 17A is a model diagram during deposition and FIG.
17B is a model diagram showing the state where oxygen of a
flat-plate-like sputtered particle is released.

FIGS. 18A and 18B are model diagrams during deposition,
and FIG. 18C is a model diagram showing the state of the
flat-plate-like sputtered particle.

DETAILED DESCRIPTION OF THE INVENTION

Hereinafter, embodiments of the present invention are
described in detail with reference to the accompanying draw-
ings. However, the present invention is not limited to the
description below, and it is easily understood by those skilled
in the art that modes and details disclosed herein can be
modified in various ways. Therefore, the present invention is
not construed as being limited to description of the embodi-
ments.

(Embodiment 1)

In this embodiment, one embodiment of a semiconductor
device is described with reference to FIGS. 1A to 1D. In this
embodiment, a structural example of a transistor including an
oxide semiconductor film is described.

Note that the cross-sectional view of a transistor 418 in
FIG. 1A corresponds to a structural view taken along a chain
line A1-A2 in atop view in FIG. 1C. The cross-sectional view
of the transistor 418 in FIG. 1D corresponds to a structural
view taken along a chain line A2-A3 in a top view in FIG. 1C.

The transistor 418 illustrated in FIGS. 1A to 1D includes a
base insulating layer having a two-layer structure over a sub-
strate 400, three oxide semiconductor layers which are over
the base insulating layer and include at least a channel for-
mation region, electrode layers 445a and 4455 which are on
and in contact with the oxide semiconductor layers, a gate
electrode layer 401 over the electrode layers 445a and 4455
and a gate insulating layer 402 having a two-layer structure,
and the insulating layer 407 over the stack of oxide semicon-
ductor layers, the gate insulating layer 402 having a two-layer
structure, and the gate electrode layer 401. The electrode
layers 445a and 4455 function as a source electrode layer and
a drain electrode layer.

Although there is no particular limitation on a substrate
which can be used as the substrate 400, it is at least necessary
that the substrate have heat resistance sufficient to withstand
heat treatment performed later. A single crystal semiconduc-
tor substrate or a polycrystalline semiconductor substrate of
silicon, silicon carbide, or the like or a compound semicon-
ductor substrate of silicon germanium or the like may be used
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as the substrate 400. Alternatively, an SOI substrate, a sub-
strate over which a semiconductor element is provided, or the
like can be used. Further alternatively, a glass substrate of
barium borosilicate glass, aluminoborosilicate glass, or the
like, a ceramic substrate, a quartz substrate, or a sapphire
substrate can be used.

For the first layer of the base insulating layer having a
two-layer structure, a nitride insulating film 433 is formed,
and for the second layer of the base insulating layer, an oxide
insulating film 435 is formed. For the first layer of the gate
insulating layer 402 having a two-layer structure, an oxide
insulating film formed using a sputtering method, a molecular
beam epitaxy (MBE) method, a chemical vapor deposition
(CVD) method, a pulsed laser deposition (PLD) method, an
atomic layer deposition (ALD) method, or the like, as appro-
priate is used. For the second layer of the gate insulating layer
402, a nitride insulating film is used. As the oxide insulating
layer, silicon oxide, gallium oxide, aluminum oxide, silicon
oxynitride, silicon nitride oxide, hafnium oxide, tantalum
oxide, or the like can be used. Further, for the nitride insulat-
ing film, an insulating layer formed of silicon nitride, silicon
oxynitride, silicon nitride oxide, or the like is preferably used.

Here, silicon oxynitride means the one that contains more
oxygen than nitrogen and for example, silicon oxynitride
includes at least oxygen, nitrogen, and silicon at concentra-
tions ranging from greater than or equal to 50 atomic % and
less than or equal to 70 atomic %, greater than or equal to 0.5
atomic % and less than or equal to 15 atomic %, and greater
than or equal to 25 atomic % and less than or equal to 35
atomic %, respectively. In the case where a substrate provided
with a semiconductor element is used, a silicon nitride film is
preferably used as the nitride insulating film 433, which is
formed by a plasma CVD method with use of a mixed gas of
silane (SiH,) and nitrogen (N,) as a supply gas. This silicon
nitride film also functions as a barrier film, which has a
function of preventing entry of hydrogen or a hydrogen com-
pound into an oxide semiconductor layer formed later so as to
improve the reliability of a semiconductor device. In the case
where the silicon nitride film is formed by a plasma chemical
vapor deposition (CVD) method with use of a mixed gas of
silane (SiH,), nitrogen (N,), and ammonia (NH,) as a supply
gas, the amount of defects in the film can be reduced as
compared with the case where the silicon nitride film is
formed with use of a mixed gas of silane (SiH,) and nitrogen
(N,) as a supply gas. When the thickness of the silicon nitride
film formed with use of a mixed gas of silane (SiH,), nitrogen
(N,), and ammonia (NH,) as a supply gas is greater than or
equal to 300 nm and less than or equal to 400 nm, the ESD
resistance can be 300 V or higher. Therefore, when a stack in
which a silicon nitride film which is deposited using a mixed
gas of silane (SiH,) and nitrogen (N,) as a supply gas is
stacked over the silicon nitride film which is deposited to a
thickness greater than or equal to 300 nm and less than or
equal to 400 nm using a mixed gas of silane (SiH,), nitrogen
(N,), and ammonia (NH,) is used as the nitride insulating film
433, a barrier film having a high ESD resistance can be
achieved.

The stack of oxide semiconductor layers is formed of the
three oxide semiconductor layers, in which the first oxide
semiconductor layer S1, the second oxide semiconductor
layer S2, and the third oxide semiconductor layer S3 are
sequentially stacked. The three oxide semiconductor layers
may be films having a crystalline structure or films having an
amorphous structure.

Of the three oxide semiconductor layers, the first oxide
semiconductor layer has the smallest thickness. The three
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oxide semiconductor layers each have a thickness greater
than or equal to 5 nm and less than or equal to 40 nm.

For example, a 5-nm-thick In—Ga—Z7n-based oxide film
which is deposited using a sputtering target having an atomic
ratio of In:Ga:Zn=1:3:2 may be used as the first oxide semi-
conductor layer S1, a 10-nm-thick In—Ga—Z7n-based oxide
film which is deposited using a sputtering target having an
atomic ratio of In:Ga:Zn=3:1:2 may be used as the second
oxide semiconductor layer S2, and a 10-nm-thick In—Ga—
Zn-based oxide film which is deposited using a sputtering
target having an atomic ratio of In:Ga:Zn=1:1:1 may be used
as the third oxide semiconductor layer S3. In the case of
forming these three layers, each layer is preferably deposited
by a sputtering method in a mixed atmosphere containing
more oxygen than a rare gas, preferably in an oxygen atmo-
sphere (oxygen: 100%), and all of the resulting oxide semi-
conductor layers can also be referred to as I-type oxide semi-
conductor layers.

The deposition condition may be changed successively
during the deposition of each oxide semiconductor layer, so
that an energy band diagram shown in FIG. 1B may be
obtained. Alternatively, the constituent elements of each
oxide semiconductor layer may be diffused interactively by
heat treatment or the like, so that an energy band diagram
shown in FIG. 1B may be obtained. The energy band diagram
in FIG. 1B is an energy band which corresponds to a portion
between C and C' in FIG. 1A.

Itis further preferable that a first gate insulating layer 402a
in contact with the stack of oxide semiconductor layers
include aregion which contains oxygen in a proportion higher
than that of oxygen in the stoichiometric composition (i.e., an
oxygen-excess region). This is because, when the first gate
insulating layer 402a in contact with the stack of oxide semi-
conductor layers includes an oxygen-excess region, oxygen
can be supplied to the stack of oxide semiconductor layers,
elimination of oxygen from the stack of oxide semiconductor
layers can be prevented, and oxygen vacancies can be
reduced. In order to provide the oxygen-excess region in the
first gate insulating layer 402a, the first gate insulating layer
402a is formed in an oxygen atmosphere, for example. Alter-
natively, oxygen may be introduced into the formed first gate
insulating layer 402a to provide the oxygen-excess region.

A second gate insulating layer 4025 is preferably formed
using a silicon nitride film which is deposited by a plasma
CVD method in which a mixed gas of silane (SiH,) and
nitrogen (N,) is supplied. This silicon nitride film functions as
a barrier film, which has a function of preventing entry of
hydrogen or a hydrogen compound into the oxide semicon-
ductor layers so as to improve the reliability of the transistor
418.

Further, the gate insulating layer 402 does not have to be a
stacked layer. For example, a 20-nm-thick silicon oxide film
formed by a plasma CVD method may be used for the gate
insulating layer 402. In this case, after the silicon oxide film is
formed, radical oxidation treatment using microwave plasma
for reducing oxygen vacancies is preferably performed. For
the conditions of the treatment, for example, a high-density
plasma apparatus is used, a power of 3800 W is supplied with
a power supply of 2.45 GHz, the pressure is 106.67 Pa, the
substrate temperature is 325° C., the flow rate of argon is 900
sccm, and the flow rate of oxygen is 5 sccm. Here, a high-
density plasma apparatus refers to an apparatus which can
realize a plasma density higher than or equal to 1x10**/cm®.
For example, plasma is generated by applying a microwave
power of 3 kW to 6 kW inclusive. By supplying the micro-
wave power, the efficiency of decomposition of a source gas
in the plasma is increased, so that oxygen radicals are
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increased, whereby the source gas is oxidized. Thus, the
oxygen content in the gate insulating layer 402 is in excess of
that in the stoichiometric composition. Thus, it is possible to
form an oxide insulating film which contains oxygen at a
higher proportion than the stoichiometric composition. Fur-
ther, before the gate insulating layer 402 is formed, plasma
treatment in which a high-density plasma apparatus is used
and nitrous oxide (N,O) and a rare gas are introduced may be
performed. In the case where a single layer of silicon oxide is
used as the gate insulating layer 402, the insulating layer 407
serves as a barrier film, so that reliability can be secured.
(Embodiment 2)

In this embodiment, one embodiment of a semiconductor
device and one embodiment of a method for manufacturing
the semiconductor device are described with reference to
FIGS. 2A to 2D and FIGS. 3A and 3B. In this embodiment, an
example of a method for manufacturing a transistor including
an oxide semiconductor film is described.

First, anitride insulating film 433 is formed over a substrate
400 having an insulating surface and a conductive film is
formed thereover by a sputtering method, an evaporation
method, or the like. The conductive film is etched so that a
conductive layer 491 and wiring layers 434 and 436 are
formed.

There is no particular limitation on a substrate that can be
used as the substrate 400 having an insulating surface as long
as it has heat resistance enough to withstand heat treatment
performed later. For example, a glass substrate of barium
borosilicate glass, aluminoborosilicate glass, or the like, a
ceramic substrate, a quartz substrate, or a sapphire substrate
can be used. A single crystal semiconductor substrate or a
polycrystalline semiconductor substrate of silicon, silicon
carbide, or the like; a compound semiconductor substrate of
silicon germanium or the like; an SOI substrate; or the like
can be used as the substrate 400, or the substrate provided
with a semiconductor element can be used as the substrate
400.

The nitride insulating film 433 can be formed using a single
insulating film or a stack of insulating films selected from the
following: a nitride insulating film of silicon nitride, alumi-
num nitride, or the like; an oxynitride insulating film of sili-
con oxynitride, aluminum oxynitride, or the like; or a nitride
oxide insulating film of silicon nitride oxide or the like.

The conductive layer 491 and the wiring layers 434 and
436 can be formed using a metal material such as molybde-
num, titanium, tantalum, tungsten, aluminum, copper, chro-
mium, neodymium, or scandium or an alloy material which
contains any of these materials as its main component. Alter-
natively, a semiconductor film typified by a polycrystalline
silicon film doped with an impurity element such as phospho-
rus, or a silicide film such as a nickel silicide film may be used
as the conductive layer 491. The conductive layer 491 may
have a single-layer structure or a stacked-layer structure.

The conductive layer 491 and the wiring layers 434 and
436 can also be formed using a conductive material such as
indium oxide-tin oxide, indium oxide containing tungsten
oxide, indium zinc oxide containing tungsten oxide, indium
oxide containing titanium oxide, indium tin oxide containing
titanium oxide, indium oxide-zinc oxide, or indium tin oxide
to which silicon oxide is added. It is also possible that the
conductive layer 491 and the wiring layers 434 and 436 have
a stacked structure of the above conductive material and the
above metal material.

In order to obtain a normally-off switching element, it is
preferable that the threshold voltage of the transistor be made
positive by using a material having a work function of 5 eV
(electron volts) or higher, preferably 5.5 eV or higher, for a
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gate electrode layer. Specifically, a material which includes
an In—N bond and has a specific resistivity of 1x107! Q-cm
to 1x10™* Q-cm, preferably 5x1072 Q-cm to 1x107* Q-cm, is
used for the gate electrode layer. Examples of the material are
an In—Ga—7Z/n-based oxide film containing nitrogen, an
In—Sn—O film containing nitrogen, an In—Ga—O film
containing nitrogen, an In—7n—O film containing nitrogen,
an In—O film containing nitrogen, and a metal nitride film
(e.g., an InN film).

Next, an oxide insulating film is formed over the conduc-
tive layer 491 and the wiring layers 434 and 436. The oxide
insulating film has a projecting portion reflecting the shape of
the conductive layer 491 on its surface.

The oxide insulating film can be formed by a plasma CVD
method, a sputtering method, or the like using any of silicon
oxide, silicon oxynitride, aluminum oxide, aluminum oxyni-
tride, hafnium oxide, gallium oxide, gallium oxide zinc, and
zinc oxide, or a mixed material thereof. The oxide insulating
film may have either a single-layer structure or a stacked-
layer structure.

Then, polishing treatment (e.g., chemical mechanical pol-
ishing (CMP)) is performed, whereby an oxide insulating film
435 which is planarized is formed and top surfaces of the
wiring layers 434 and 436 and a top surface of the conductive
layer 491 are exposed. After the CMP treatment, cleaning is
performed and heat treatment for removing moisture attached
on the substrate is performed. A cross-sectional view of a
structure obtained after this step corresponds to FIG. 2A.

After the planarization, an insulating film 437 and a stack
403 of oxide semiconductor layers are formed. A cross-sec-
tional view of a structure obtained after this step corresponds
to FIG. 2B.

Then, patterning is performed using one mask and the
insulating film 437 and the stack 403 of oxide semiconductor
layers are selectively etched. A cross-sectional view of a
structure obtained after this step corresponds to FIG. 2C. Itis
preferable that the insulating film 437 and the stack 403 of
oxide semiconductor layers be formed successively without
being exposed to the air because interfaces of the films can be
prevented from being contaminated by an impurity.

The insulating film 437 is formed by a plasma CVD
method or a sputtering method. In the case where a plasma
CVD method is used, it is particularly preferable to use a
plasma CVD method (also referred to as a microwave plasma
CVD method) in which plasma is generated utilizing electric-
field energy of a microwave and a source gas for the gate
insulating film is excited by the plasma, and the excited
source gas is reacted on a surface of an object to deposit a
reactant. The insulating film formed by a plasma CVD
method using a microwave is a dense film, and therefore, the
insulating film 437 obtained by processing the insulating film
is also a dense film. The insulating film 437 has a thickness
greater than or equal to 5 nm and less than or equal to 300 nm.

The insulating film 437 can be formed using a single layer
ora stack of layers selected from the following films: an oxide
insulating film of silicon oxide, gallium oxide, hafnium
oxide, yttrium oxide, aluminum oxide, or the like; an oxyni-
tride insulating film of silicon oxynitride, aluminum oxyni-
tride, or the like; or a nitride oxide insulating film of silicon
nitride oxide or the like.

In this embodiment, the stack 403 of oxide semiconductor
layers has a three-layer structure in which a first oxide semi-
conductor layer 403a, a second oxide semiconductor layer
4035, and a third oxide semiconductor layer 403 ¢ are stacked
in this order, as illustrated in FIG. 2C.

In this embodiment, as the first oxide semiconductor layer
403a, an In—Ga—Zn-based oxide film which is deposited
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using a sputtering target having an atomic ratio of In:Ga:
7Zn=1:3:2 and has athickness greater than or equal to 5 nm and
less than or equal to 10 nm is used.

As the second oxide semiconductor layer 403b, an
In—Ga—7Zn-based oxide film is deposited to a thickness
greater than or equal to 10 nm and less than or equal to 30 nm
by a sputtering method using a sputtering target having an
atomic ratio of In:Ga:Zn=3:1:2 in a mixed atmosphere con-
taining oxygen and a rare gas or an oxygen atmosphere.
Further, it is preferable that the second oxide semiconductor
layer 4035 be a CAAC-OS film.

As the third oxide semiconductor layer 403¢, an In—Ga—
Zn-based oxide semiconductor film is deposited to a thick-
ness greater than or equal to 10 nm and less than or equal to 30
nm by a sputtering method using a sputtering target having an
atomic ratio of In:Ga:Zn=1:1:1 in a mixed atmosphere con-
taining oxygen and a rare gas or an oxygen atmosphere.
Further, the third oxide semiconductor layer 403¢ may have
an amorphous structure but is preferably a CAAC-OS film.

With such a stacked-layer structure, a structure in which
the second oxide semiconductor layer 4035 through which
carriers flow is not in contact with the insulating film contain-
ing silicon is obtained.

When the insulating film 437 and the first oxide semicon-
ductor layer 403a are deposited successively without being
exposed to the air, impurity contamination of an interface
between the insulating film 437 and the first oxide semicon-
ductor layer 403a can be prevented. When the second oxide
semiconductor layer 4035 and the third oxide semiconductor
layer 403¢ are deposited successively without being exposed
to the air, impurity contamination of an interface between the
second oxide semiconductor layer 4035 and the third oxide
semiconductor layer 403¢ can be prevented. The third oxide
semiconductor layer 403¢ also functions as a protective film
that protects the second oxide semiconductor layer 4035 from
exposure to the air in etching or the like in a later step.

In the case where the first oxide semiconductor layer 403a,
the second oxide semiconductor layer 4035, and the third
oxide semiconductor layer 403¢ are stacked successively
without being exposed to the air, a multi-chamber deposition
apparatus in which a plurality of sputtering apparatuses is
provided may be used.

In order that the second oxide semiconductor layer 4035
through which carriers flow is not in contact with the insulat-
ing film containing silicon, top and bottom interfaces of the
second oxide semiconductor layer 4035 are protected with
the first oxide semiconductor layer 403a and third oxide
semiconductor layer 403c¢ so that an impurity such as silicon
does not enter the second oxide semiconductor layer 4035
and the interfaces thereof; accordingly, high field-effect
mobility is achieved.

After the insulating film 437 and the stack 403 of oxide
semiconductor layers are formed, a conductive film is
formed. This conductive film is selectively etched, so that the
electrode layers 445q and 4455 and a conductive layer 442 are
formed. A cross-sectional view of a structure obtained after
this step corresponds to FIG. 2D. By performing etching
plural times at this time, electrodes which have projecting
regions in their bottom edge portions when seen in cross-
section are formed. The electrode layers 445a and 4455 hav-
ing the projecting regions in the bottom edge portions func-
tion as a source electrode layer and a drain electrode layer of
the transistor. The electrode layer 4454 is provided on and in
contact with the wiring layer 436 and the electrode layer 4455
is provided on and in contact with the wiring layer 434.

A distance between the electrode layers 445q and 4456
corresponds to a channel length L. of the transistor. In order
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that the channel length L of the transistor is less than 50 nm,
for example, approximately 20 nm, it is preferable that a resist
be subjected to light exposure using an electron beam and the
developed mask be preferably used as an etching mask of the
conductive film. At a higher acceleration voltage, an electron
beam can provide a finer pattern. The use of multiple electron
beams can shorten the process time per substrate. In an elec-
tron beam writing apparatus capable of electron beam irra-
diation, the acceleration voltage is preferably in the range
from 5 kV to 50 kV, for example. The current intensity is
preferably in the range from 5x107'2 A to 1x107*" A. The
minimum beam size is preferably 2 nm or less. The minimum
possible pattern line width is preferably 8 nm or less. Under
the above conditions, a pattern with a width of, for example,
30nm or less, preferably 20 nm or less, more preferably 8 nm
or less, can be obtained.

The gate insulating layer 402 is provided over the electrode
layers 445a and 4455 and the conductive layer 442 and also
provided over the stack 403 of oxide semiconductor layers. A
material of the gate insulating layer 402 can be a silicon oxide
film, a gallium oxide film, a gallium oxide zinc film, a Ga, O,
(Gd,0,) film, a zinc oxide film, an aluminum oxide film, a
silicon nitride film, a silicon oxynitride film, an aluminum
oxynitride film, or a silicon nitride oxide film.

It is preferable that the gate insulating layer 402 include a
region containing oxygen in a proportion higher than that of
the stoichiometric composition (an oxygen-excess region).
This is because, when an insulating layer in contact with the
stack 403 of oxide semiconductor layers includes an oxygen-
excess region, oxygen can be supplied to the stack 403 of
oxide semiconductor layers, release of oxygen from the stack
403 of oxide semiconductor layers can be prevented, and
oxygen vacancies can be reduced. In order to provide the
oxygen-excess region in the gate insulating layer 402, the gate
insulating layer 402 is formed in an oxygen atmosphere, for
example. Alternatively, oxygen may be introduced into the
deposited gate insulating layer 402 to provide the oxygen-
excess region therein. Further, as illustrated in FIG. 2D, the
gate insulating layer 402 preferably has a stacked-layer struc-
ture of a first gate insulating layer 402a and a second gate
insulating layer 4025. The stacked-layer structure is formed
in such a manner that, over an insulating film including a
region containing excess oxygen (oxygen-excess region), a
silicon oxide film or a silicon oxynitride film is formed on a
condition where a high frequency power higher than or equal
to 0.17 W/ecm? and lower than or equal to 0.5 W/cm?, prefer-
ably higher than or equal to 0.26 W/cm? and lower than or
equal to 0.35 W/cm?, is supplied. Specifically, the silicon
oxynitride film is formed in conditions where silane (SiH,)
and dinitrogen monoxide (N,O) are supplied as source gases
at 160 sccm and 4000 scem, respectively; the pressure of a
treatment chamber is adjusted to 200 Pa; and a power of 1500
W is supplied with a high-frequency power supply of 27.12
MHz. Further, the substrate temperature at which the silicon
oxynitride film is formed is set to 220° C.

Next, the gate insulating layer 402 is selectively etched to
form an opening reaching the conductive layer 442. After
that, a conductive film is formed and selectively etched,
whereby an electrode layer 438 which is electrically con-
nected to the conductive layer 442 is formed and a gate
electrode layer 401 is formed over the stack 403 of oxide
semiconductor layers with the gate insulating layer 402 posi-
tioned therebetween. Then, an insulating layer 407 function-
ing as a barrier film is provided to cover the gate electrode
layer 401 and the electrode layer 438.

As the insulating layer 407, it is preferable to use a silicon
nitride film which is deposited by a plasma CVD method in
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which a mixed gas of silane (SiH,) and nitrogen (N,) is
supplied. This silicon nitride film functions as a barrier film
and prevents hydrogen or a hydrogen compound from enter-
ing an oxide semiconductor layer to be formed later, thereby
improving the reliability of the semiconductor device.

The gate electrode layer 401 and the electrode layer 438
can be formed using a metal material such as molybdenum,
titanium, tantalum, tungsten, aluminum, copper, chromium,
neodymium, or scandium or an alloy material which contains
any of these materials as its main component. A semiconduc-
tor film which is doped with an impurity element such as
phosphorus and is typified by a polycrystalline silicon film, or
a silicide film of nickel silicide or the like can also be used as
the gate electrode layer 401. The gate electrode layer 401 and
the electrode layer 438 each have either a single-layer struc-
ture or a stacked-layer structure.

In this embodiment, a tungsten film is used as the gate
electrode layer 401 on and in contact with the gate insulating
layer 402.

Through the above process, a transistor 415 of this embodi-
ment can be manufactured (see FIG. 3A). The transistor 415
is an example of a dual-gate transistor. FIG. 3A is a cross-
sectional view of the transistor 415 in the channel length
direction. In the dual-gate transistor 415, the insulating film
437 also serves as a gate insulating film.

The conductive layer 491 can function as a second gate
electrode layer (also referred to as back gate) for controlling
the electrical characteristics of the transistor 415. For
example, by setting the potential of the conductive layer 491
to GND (or a fixed potential), the threshold voltage of the
transistor 415 is increased, so that the transistor 415 can be
normally off.

FIG. 3B is an example of a top view of the transistor 415.
FIG. 3A is across section taken along a chain line X-Y in FIG.
3B.

This embodiment can be freely combined with Embodi-
ment 1.

(Embodiment 3)

In this embodiment, a structural example in FIG. 4A which
is partly different from the structure of FIG. 1A and a manu-
facturing method thereof are described below.

First, over the substrate 400, the oxide insulating film 435
is formed. The oxide insulating film 435 can be formed by a
plasma CVD method, a sputtering method, or the like, using
silicon oxide, silicon oxynitride, aluminum oxide, aluminum
oxynitride, hathium oxide, gallium oxide, gallium zinc oxide,
zinc oxide, or a mixed material of any of these materials. The
oxide insulating film may have either a single-layer structure
or a stacked-layer structure. If needed, a nitride insulating
film such as a silicon nitride film may be provided between
the substrate 400 and the oxide insulating film 435.

Next, the first oxide semiconductor layer 403a and the
second oxide semiconductor layer 4035 are formed by pat-
terning using the same mask, and then the third oxide semi-
conductor layer 403¢ is formed. In order to reduce oxygen
vacancies in the second oxide semiconductor layer 4035, the
third oxide semiconductor layer 403¢ may be formed after
heat treatment in an oxygen atmosphere. The third oxide
semiconductor layer 403¢ is formed using a different mask
from the first and second oxide semiconductor layers 403a
and 4034, so that the third oxide semiconductor layer 403¢
can cover the side surface of the first oxide semiconductor
layer 403a and the side and top surfaces of the second oxide
semiconductor layer 4035 as illustrated in FIG. 4A.

During etching of the first and second oxide semiconductor
layers 403a and 4035, the thickness of a region of the oxide
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insulating film 435 which is not covered with a mask becomes
smaller as illustrated in FIG. 4A.

Subsequently, a conductive film is formed. This conductive
film is selectively etched, so that the electrode layers 445a and
445b are formed.

Then, the gate insulating layer 402 is provided over the
electrode layers 4454 and 4455, and is also provided over the
third oxide semiconductor layer 403c¢. As illustrated in FIG.
4B, since the side surface of the second oxide semiconductor
layer 4036 is covered with the third oxide semiconductor
layer 403¢, the side surface of the second oxide semiconduc-
tor layer 40354 is not in contact with the gate insulating layer
402.

Next, a conductive film is formed over the gate insulating
layer 402 and selectively etched to form the gate electrode
layer 401 over the third oxide semiconductor layer 403¢ with
the gate insulating layer 402 positioned therebetween. The
insulating layer 407 functioning as a barrier film is provided
s0 as to cover the gate electrode layer 401.

Through the above process, a transistor 416 illustrated in
FIG. 4A can be manufactured. FIG. 4C is a top view. A cross
section taken along a chain line B1-B2 in FIG. 4C corre-
sponds to FIG. 4A and a cross section taken along a dotted
line B2-B3 in FIG. 4C corresponds to FI1G. 4B. As illustrated
in FIG. 4C, the periphery of the third oxide semiconductor
layer 403c¢ is positioned outside the periphery of the second
oxide semiconductor layer 4035.

This embodiment can be freely combined with Embodi-
ment 1. Portions denoted by the same reference numerals as
those of the drawings used in Embodiment 1 can be formed
using the same material as those of Embodiment 1. Instead of
the stack 403 of oxide semiconductor layers described in
Embodiment 1, a structure in which the third oxide semicon-
ductor layer 403¢ covers the side surface of the first oxide
semiconductor layer 4034 and the side and top surfaces of the
second oxide semiconductor layer 4035 may be employed.
Since the third oxide semiconductor layer 403¢ can be pro-
vided between the second oxide semiconductor layer 4035
and the electrode layer 445a, leakage current can be reduced.
(Embodiment 4)

In this embodiment, an example of a semiconductor device
including the transistor described in Embodiment 2 is
described with reference to FIGS. 5A and 5B.

The semiconductor device illustrated in FIGS. 5A and 5B
includes transistors 740 and 750 including a first semicon-
ductor material ina lower portion, and a transistor 610 includ-
ing a second semiconductor material in an upper portion. The
transistor 610 has a similar structure to the transistor 415
described in Embodiment 2. The same reference numerals are
used for the same parts as those in FIGS. 3A and 3B. FIG. 5B
is a circuit diagram of the semiconductor device in FIG. 5A.

Here, the first semiconductor material and the second semi-
conductor material are preferably materials having different
band gaps. For example, the first semiconductor material may
be a semiconductor material other than an oxide semiconduc-
tor (e.g., silicon) and the second semiconductor material may
be an oxide semiconductor. A transistor including a material
such as silicon can operate at high speed easily. On the other
hand, a transistor including an oxide semiconductor enables
charge to be held for a long time owing to its characteristics.

As a substrate used in the semiconductor device, a single
crystal semiconductor substrate or a polycrystalline semicon-
ductor substrate made of silicon or silicon carbide, a com-
pound semiconductor substrate made of silicon germanium
or the like, a silicon on insulator (SOI) substrate, or the like
can be used. A channel formation region of the transistor can
be formed in or over the semiconductor substrate. The semi-
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conductor device in FIG. 5A is an example in which the
channel formation region is formed in the semiconductor
substrate to form a lower transistor.

In the semiconductor device in FIG. 5A, a single crystal
silicon substrate is used as a substrate 700, the transistors 740
and 750 are formed using the single crystal silicon substrate,
and single crystal silicon is used as the first semiconductor
material. The transistor 740 is an n-channel transistor and the
transistor 750 is a p-channel transistor. The transistor 740 and
the transistor 750 which are electrically connected to each
other form a complementary metal oxide semiconductor
(CMOS) circuit 760.

In this embodiment, the single crystal silicon substrate
imparting p-type conductivity is used as the substrate 700;
thus, an n-well is formed by adding an impurity element
imparting n-type conductivity to a region in which the
p-channel transistor 750 is to be formed. A channel formation
region 753 of the transistor 750 is formed in the n-well. As the
impurity element imparting n-type conductivity, phosphorus
(P), arsenic (As), or the like can be used.

Therefore, an impurity element imparting p-type conduc-
tivity is not added to a formation region of the transistor 740
that is the n-channel transistor; however, a p-well may be
formed by adding an impurity element imparting p-type con-
ductivity. As the impurity element imparting p-type conduc-
tivity, boron (B), aluminum (Al), gallium (Ga), or the like can
be used.

Meanwhile, when a single-crystal silicon substrate impart-
ing n-type conductivity is used, an impurity element impart-
ing p-type conductivity may be added to form a p-well.

The transistor 740 includes a channel formation region
743, an n-type impurity region 744 functioning as a lightly
doped drain (LDD) region or an extension region, an n-type
impurity region 745 functioning as a source region or a drain
region, a gate insulating film 742, and a gate electrode layer
741. The n-type impurity region 745 has a higher impurity
concentration than the n-type impurity region 744. The side
surface of the gate electrode layer 741 is provided with a
sidewall insulating layer 746. With the use of the gate elec-
trode layer 741 and the sidewall insulating layer 746 as
masks, the n-type impurity region 744 and the n-type impu-
rity region 745 which have different impurity concentrations
can be formed in a self-aligned manner.

The transistor 750 includes the channel formation region
753, a p-type impurity region 754 functioning as a lightly
doped drain (LDD) region or an extension region, a p-type
impurity region 755 functioning as a source region or a drain
region, a gate insulating film 752, and a gate electrode layer
751. The p-type impurity region 755 has a higher impurity
concentration than the p-type impurity region 754. The side
surface of the gate electrode layer 751 is provided with a
sidewall insulating layer 756. With the use of the gate elec-
trode layer 751 and the sidewall insulating layer 756 as
masks, the p-type impurity region 754 and the p-type impu-
rity region 755 which have different impurity concentrations
can be formed in a self-aligned manner.

In the substrate 700, the transistor 740 and the transistor
750 are isolated from each other by an element isolation
region 789. An insulating film 788 and an insulating film 687
are stacked over the transistor 740 and the transistor 750. A
wiring layer 647 in contact with the n-type impurity region
745 through an opening in the insulating film 788 and the
insulating film 687 and a wiring layer 657 in contact with the
p-type impurity region 755 through an opening in the insu-
lating film 788 and the insulating film 687 are provided over
the insulating film 687. A wiring layer 748 is provided over
the insulating film 687 so as to electrically connect the tran-
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sistor 740 and the transistor 750. The wiring layer 748 is
electrically connected to the n-type impurity region 745
through an opening in the insulating film 788 and the insu-
lating film 687 and reaching the n-type impurity region 745.
Further, the wiring layer 748 is electrically connected to the
p-type impurity region 755 through an opening in the insu-
lating film 788 and the insulating film 687 and reaching the
p-type impurity region 755.

An insulating film 686 is provided over the insulating film
687, the wiring layer 647, the wiring layer 748, and the wiring
layer 657. A wiring layer 658 is formed over the insulating
film 686. The wiring layer 658 is electrically connected to a
gate wiring through an opening in the insulating films 788,
687, and 686. The gate wiring is formed over the gate insu-
lating film 742 and the gate insulating film 752. The gate
wiring branches into the gate electrode layer 741 and the gate
electrode layer 751.

The semiconductor device of this embodiment is not lim-
ited to the structure in FIG. 5A. As the transistors 740 and 750,
atransistor containing silicide (salicide) or a transistor which
does not include a sidewall insulating layer may be used.
When a structure that contains silicide (salicide) is used, the
resistance of the source region and the drain region can be
further lowered and the operation speed of the semiconductor
device is increased. Further, the semiconductor device can be
operated at low voltage, so that power consumption of the
semiconductor device can be reduced.

Next, the structures of upper elements provided over the
lower transistor in the semiconductor device in FIGS. 5A and
5B are described.

An insulating film 684 is stacked over the insulating film
686 and the wiring layer 658. The conductive layer 491 and a
wiring layer 692 are formed over the insulating film 684.

The oxide insulating film 435 is provided over the conduc-
tive layer 491 and the wiring layer 692. The insulating film
437 is provided over the oxide insulating film 435. The first
oxide semiconductor layer 403a is provided over the insulat-
ing film 437. The second oxide semiconductor layer 4035 and
the third oxide semiconductor layer 403¢ which each have a
different composition from the first oxide semiconductor
layer 403a are provided over the first oxide semiconductor
layer 403a. Further, the electrode layers 4454 and 4455 which
have projecting regions in the bottom edge portions are pro-
vided over the third oxide semiconductor layer 403¢. The gate
insulating layer 402 is provided on and in contact with a
region of the second oxide semiconductor layer 4035 which
does not overlap with the electrode layer 4454 or the electrode
layer 44556 (the channel formation region), and the gate elec-
trode layer 401 is provided thereover.

A capacitor 690 is provided over the same oxide insulating
film 435 as the transistor 610 without an increase in the
number of steps. In the capacitor 690, the electrode layer 445a
serves as one electrode, a capacitor electrode layer 693 serves
as the other electrode, and the gate insulating layer 402 pro-
vided therebetween serves as a dielectric. The capacitor elec-
trode layer 693 is formed in the same step as the gate electrode
layer 401.

By setting the potential of the conductive layer 491 to GND
(or a fixed potential), the conductive layer 491 serves as a
back gate which controls the electrical characteristics of the
transistor 610. The conductive layer 491 has a function of
preventing static electricity. In the case where the threshold
voltage of the transistor 610 is not required to be controlled by
the conductive layer 491 in order to make the transistor 610 be
a normally-off transistor, the conductive layer 491 is not
necessarily provided. In the case where the transistor 610 is
used for part of a particular circuit and a problem might be
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caused by providing the conductive layer 491, the conductive
layer 491 is not necessarily provided in the circuit.

The wiring layer 692 is electrically connected to the wiring
layer 658 through an opening in the insulating film 684. In the
example in this embodiment, the insulating film 684 is sub-
jected to planarization treatment using a CMP method.

In the semiconductor device, the insulating film 684 is
provided between the lower portion and the upper portion,
and functions as a barrier film to prevent impurities such as
hydrogen, which cause deterioration or a change in electrical
characteristics of the transistor 610 in the upper portion, from
entering the upper portion from the lower portion. Thus, afine
inorganic insulating film (e.g., an aluminum oxide film or a
silicon nitride film) having a good property of blocking impu-
rities or the like is preferably used as the insulating film 684.
The insulating film 684 can be formed by using the same
material as the nitride insulating film 433 described in
Embodiment 1.

In the case of using the same manufacturing method as that
described in Embodiment 2, the transistor 610 can be manu-
factured similarly to the transistor 415. After that insulating
layer 407 is formed, an interlayer insulating film 485 is
formed. Further, a semiconductor device having a multilayer
structure in which an embedded wiring is formed in the inter-
layer insulating film 485 and another semiconductor element,
another wiring, or the like is formed above the embedded
wiring may be manufactured.

This embodiment can be freely combined with Embodi-
ment 1, 2, or 3.

(Embodiment 5)

As another example of a semiconductor device including
the transistor described in Embodiment 2, a cross-sectional
view of a NOR circuit, which is a logic circuit, is illustrated in
FIG. 6A. FIG. 6B is a circuit diagram of the NOR circuit in
FIG. 6A, and FIG. 6C is a circuit diagram of a NAND circuit.

In the NOR circuit illustrated in FIGS. 6 A and 6B, p-chan-
nel transistors 801 and 802 each have a structure similar to
that of the transistor 750 in FIGS. 5A and 5B in that a single
crystal silicon substrate is used for a channel formation
region, and n-channel transistors 803 and 804 each have a
structure similar to that of the transistor 610 in FIGS. 5A and
5B and that of the transistor 415 in Embodiment 2 in that an
oxide semiconductor film is used for a channel formation
region.

In the NOR circuit illustrated in FIGS. 6A and 6B, a con-
ductive layer 491 for controlling electrical characteristics of
the transistors is provided to overlap with gate electrode lay-
ers with oxide semiconductor films provided therebetween in
the transistors 803 and 804. By controlling the potential of the
conductive layer to GND, for example, the threshold voltages
of the transistors 803 and 804 are increased, so that the tran-
sistors can be normally off. In the NOR circuit in this embodi-
ment, conductive layers which are provided in the transistors
803 and 804 and can function as back gates are electrically
connected to each other. However, the present invention is not
limited to the structure, and the conductive layers functioning
as back gates may be electrically controlled independently.

In the semiconductor device illustrated in FIG. 6 A, a single
crystal silicon substrate is used as a substrate 800, the tran-
sistor 802 is formed using the single crystal silicon substrate,
and the transistor 803 in which a stack of oxide semiconduc-
tor layers is used for a channel formation region is formed
over the transistor 802.

The gate electrode layer 401 of the transistor 803 is elec-
trically connected to a wiring layer 832. The wiring layer 832
is electrically connected to a wiring layer 835. The gate elec-
trode layer 401 of the transistor 803 is electrically connected
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to an embedded wiring, and the embedded wiring is electri-
cally connected to an electrode layer 842. Note that the
embedded wiring includes a first barrier metal film 486, a
second barrier metal film 488, and a low-resistance conduc-
tive layer 487 surrounded by the first barrier metal film 486
and the second barrier metal film 488.

The embedded wiring is formed in such a manner that a
contact hole reaching the electrode layer 842 is formed in the
interlayer insulating film 485, the first barrier metal film 486
is formed, and a copper film or a copper alloy film is formed
thereover so as to form the low-resistance conductive layer
487. Then, polishing is performed for planarization, and the
second barrier metal film 488 is formed so as to protect the
exposed low-resistance conductive layer 487. The embedded
wiring includes the first barrier metal film 486, the second
barrier metal film 488, and the low-resistance conductive
layer 487 surrounded by the first barrier metal film 486 and
the second barrier metal film 488.

Each of the first barrier metal film 486 and the second
barrier metal film 488 may be formed using a conductive
material which suppresses diffusion of copper contained in
the low-resistance conductive layer 487. Examples of the
conductive material are a tantalum nitride film, a molybde-
num nitride film, and a tungsten nitride film.

The wiring layer 832 is provided in an opening formed in
an insulating film 826 and an insulating film 830. The wiring
layer 835 is provided in an opening formed in an insulating
film 833. The electrode layer 842 is formed over the wiring
layer 835.

An electrode layer 825 of the transistor 802 is electrically
connected the electrode layer 4456 of the transistor 803
through wiring layers 831 and 834. The wiring layer 831 is
formed in an opening in the insulating film 830, and the
wiring layer 834 is formed in an opening in the insulating film
833. The electrode layer 445a and the electrode layer 4455
function as source and drain electrode layers of the transistor
803.

The first oxide semiconductor layer 403a is formed on and
in contact with the insulating film 437. The third oxide semi-
conductor layer 403¢ is formed on and in contact with the
second oxide semiconductor layer 4035. With the insulating
film 437 and the gate insulating layer 402, unnecessary
release of oxygen can be suppressed, and the second oxide
semiconductor layer 4035 can be kept in an oxygen excess
state. Thus, in the transistor 803, oxygen vacancies in the
second oxide semiconductor layer 4035 and at the interface
thereof can be filled efficiently. The transistor 804 has a
structure and an effect which are similar to those of the
transistor 803.

In the NAND circuit in FIG. 6C, p-channel transistors 811
and 814 each have a structure similar to that of the transistor
750 in FIGS. 5A and 5B, and n-channel transistors 812 and
813 each have a structure similar to that of the transistor 610
in FIGS. 5A and 5B in that an oxide semiconductor film is
used for a channel formation region.

In the NAND circuit illustrated in FIG. 6C, conductive
layers controlling electrical characteristics of the transistors
are provided to overlap with gate electrode layers with oxide
semiconductor films provided therebetween in the transistors
812 and 813. By controlling the potential of the conductive
layer to GND, for example, the threshold voltages of the
transistors 812 and 813 are increased, so that the transistors
can be normally off. In the NAND circuit in this embodiment,
the conductive layers which are provided in the transistors
812 and 813 and function as back gates are electrically con-
nected to each other. However, the present invention is not
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limited to the structure, and the conductive layers functioning
as back gates may be electrically controlled independently.

By applying a transistor including an oxide semiconductor
for a channel formation region and having extremely small
off-state current to the semiconductor device in this embodi-
ment, power consumption of the semiconductor device can be
sufficiently reduced.

A semiconductor device which is miniaturized, is highly
integrated, and has stable and excellent electrical character-
istics by stacking semiconductor elements including different
semiconductor materials and a method for manufacturing the
semiconductor device can be provided.

The NOR circuit and the NAND circuit including the tran-
sistors described in Embodiment 2 are described as examples
in this embodiment; however, the present invention is not
limited to the circuits, and an AND circuit, an OR circuit, or
the like can be formed using the transistors described in
Embodiment 2 or 3. For example, a semiconductor device
(storage device) in which stored data can be held even when
power is not supplied and which has an unlimited number of
times of writing with the transistors described in Embodiment
2 or 3 can be manufactured.

FIG. 7 is an example of a circuit diagram of a semiconduc-
tor device.

In FIG. 7, afirst wiring (a 1st line) is electrically connected
to asource electrode layer ofa transistor 160. A second wiring
(2nd line) is electrically connected to a drain electrode layer
of' the transistor 160. Any of the transistors 740, 750, and 802
described in this embodiment can be used as the transistor
160.

A third wiring (3rd line) is electrically connected to one of
a source electrode layer and a drain electrode layer of a
transistor 162, and a fourth wiring (4th line) is electrically
connected to a gate electrode layer of the transistor 162. A
gate electrode layer of the transistor 160 and the other of the
source electrode and the drain electrode of the transistor 162
are electrically connected to one electrode of a capacitor 164.
A fifth wiring (5th line) and the other electrode of the capaci-
tor 164 are electrically connected to each other.

For the transistor 162, any of the structures of the transis-
tors 415 and 416 described in Embodiment 2 or 3 can be used.

The semiconductor device having the circuit configuration
in FIG. 7 utilizes a characteristic in which the potential of the
gate electrode layer of the transistor 160 can be held, and thus
enables data writing, holding, and reading as follows.

Writing and holding of data are described. First, the poten-
tial of the fourth wiring is set to a potential at which the
transistor 162 is turned on, so that the transistor 162 is turned
on. Accordingly, the potential of the third wiring is supplied to
the gate electrode layer of the transistor 160 and to the capaci-
tor 164. That is, predetermined charge is supplied to the gate
electrode layer of the transistor 160 (writing). Here, charge
for supply of a potential level or charge for supply of a
different potential level (hereinafter referred to as a low-level
charge and a high-level charge) is given. After that, the poten-
tial of the fourth wiring is set to a potential at which the
transistor 162 is turned off, so that the transistor 162 is turned
off. Thus, the charge given to the gate electrode layer of the
transistor 160 is held (holding).

Since the off-state current of the transistor 162 is extremely
small, the charge of the gate electrode layer of the transistor
160 is held for a long time.

Next, reading of data is described. By supplying an appro-
priate potential (a reading potential) to the fifth wiring while
apredetermined potential (a constant potential) is supplied to
the first wiring, the potential of the second wiring varies
depending on the amount of charge held in the gate electrode
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layer of the transistor 160. This is because in general, when
the transistor 160 is an n-channel transistor, an apparent
threshold voltage V,;, , in the case where the high-level
charge is given to the gate electrode layer of the transistor 160
is lower than an apparent threshold voltage V,, ; in the case
where the low-level charge is given to the gate electrode layer
of the transistor 160. Here, an apparent threshold voltage
refers to the potential of the fifth wiring, which is needed to
turn on the transistor 160. Thus, the potential of the fifth
wiring is set to a potential V,, which is between V,;, , and
V.. 1, whereby charge given to the gate electrode layer of the
transistor 160 can be determined. For example, in the case
where the high-level charge is given in writing, when the
potential of the fifth wiring issetto V, (>V,,, 5), the transistor
160 is turned on. In the case where a low-level charge is given
in writing, even when the potential of the fifth wiring is set to
Vo (<Vy, 1), the transistor 160 remains in an off state. There-
fore, the stored data can be read by the potential of the second
wiring.

Note that in the case where memory cells are arrayed to be
used, only data of desired memory cells needs to be read. In
the case where such reading is not performed, a potential at
which the transistor 160 is turned off regardless of the state of
the gate electrode layer of the transistor 160, that is, a poten-
tial smaller than V,, , may be given to the fifth wiring.
Alternatively, a potential at which the transistor 160 is turned
on regardless of the state of the gate electrode layer, that is, a
potential higher than V;, , may be given to the fifth wiring.

FIG. 8 illustrates another example of one embodiment of
the structure of the storage device.

FIG. 81s aperspective view of a storage device. The storage
device illustrated in FIG. 8 includes a plurality of layers of
memory cell arrays (memory cell arrays 3400(1) to 3400(z)
(n is an integer greater than or equal to 2)) each including a
plurality of memory cells as memory circuits in the upper
portion, and a logic circuit 3004 in the lower portion which is
necessary for operating the memory cell arrays 3400(1) to
3400(n).

FIG. 8 illustrates the logic circuit 3004, the memory cell
array 3400(1), and the memory cell array 3400(2), in which a
memory cell 3170a and amemory cell 31705 are illustrated as
typical examples among the plurality of memory cells
included in the memory cell array 3400(1) and the memory
cell array 3400(2). The memory cell 3170a and the memory
cell 31705 can have a configuration similar to the circuit
configuration described in this embodiment with reference to
FIG. 7, for example.

A transistor in which a channel formation region is formed
in an oxide semiconductor film is used as each transistor
included in the memory cells 3170a and 31705. The structure
of the transistor in which the channel formation region is
formed in the oxide semiconductor film is the same as the
structure described in Embodiment 2; thus, the description of
the structure is omitted.

The logic circuit 3004 includes a transistor in which a
semiconductor material other than an oxide semiconductor is
used as a channel formation region. For example, the transis-
tor can be a transistor obtained in such a manner that an
element isolation insulating layer is provided on a substrate
including a semiconductor material (e.g., silicon) and a
region serving as the channel formation region is formed in a
region surrounded by the element isolation insulating layer.
Note that the transistor may be a transistor obtained in such a
manner that the channel formation region is formed in a
semiconductor film such as a polycrystalline silicon film
formed on an insulating surface or in a silicon film of an SOI
substrate.
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The memory cell arrays 3400(1) to 3400(z) and the logic
circuit 3004 are stacked with interlayer insulating layers pro-
vided therebetween, and electrical connection or the like may
be established as appropriate by an electrode or a wiring
penetrating the interlayer insulating layers.

When a transistor having a channel formation region
formed using an oxide semiconductor and having extremely
small off-state current is applied to the semiconductor device
in this embodiment, the semiconductor device can store data
for an extremely long period. In other words, power con-
sumption can be adequately reduced because refresh opera-
tion becomes unnecessary or the frequency of refresh opera-
tion can be extremely low. Moreover, stored data can be held
for a long period even when power is not supplied (note that
a potential is preferably fixed).

Further, in the semiconductor device described in this
embodiment, high voltage is not needed for writing data and
there is no problem of deterioration of elements. For example,
unlike a conventional non-volatile memory, it is not necessary
to inject and extract electrons into and from a floating gate;
thus, the problem of deterioration of a gate insulating film
does not occur. In other words, the semiconductor device
according to one embodiment of the present invention does
not have a limit on the number of times of writing which is a
problem in a conventional nonvolatile memory, and reliabil-
ity thereof is drastically improved. Furthermore, data is writ-
ten depending on the on state and the off state of the transistor,
whereby high-speed operation can be easily realized.

As described above, a miniaturized and highly-integrated
semiconductor device having high electrical characteristics
and a method for manufacturing the semiconductor device
can be provided.

This embodiment can be freely combined with any of
Embodiments 1, 2, 3 and 4.

(Embodiment 6)

In this embodiment, a central processing unit (CPU) in
which at least one of the transistors 415 and 416 described in
Embodiment 2 or 3 is provided in part of the CPU is described
as an example of a semiconductor device.

FIG. 9A is a block diagram illustrating a specific structure
of'a CPU. The CPU illustrated in FIG. 9A includes an arith-
metic logic unit (ALU) 1191, an ALU controller 1192, an
instruction decoder 1193, an interrupt controller 1194, a tim-
ing controller 1195, a register 1196, a register controller
1197, a bus interface (Bus I/F) 1198, a rewritable ROM 1199,
and a ROM interface (ROM I/F) 1189 over a substrate 1190.
A semiconductor substrate, an SOI substrate, a glass sub-
strate, or the like is used as the substrate 1190. The ROM 1199
and the ROM interface 1189 may each be provided over a
separate chip. Obviously, the CPU illustrated in FIG. 9A is
only an example in which the structure is simplified, and a
variety of structures is applied to an actual CPU depending on
the application.

An instruction that is input to the CPU through the bus
interface 1198 is input to the instruction decoder 1193 and
decoded therein, and then, input to the AL U controller 1192,
the interrupt controller 1194, the register controller 1197, and
the timing controller 1195.

The ALU controller 1192, the interrupt controller 1194, the
register controller 1197, and the timing controller 1195 con-
duct various controls in accordance with the decoded instruc-
tion. Specifically, the ALU controller 1192 generates signals
for controlling the operation of the ALU 1191. While the CPU
is executing a program, the interrupt controller 1194 deter-
mines an interrupt request from an external input/output
device or a peripheral circuit on the basis of its priority or a
mask state, and processes the request. The register controller
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1197 generates an address of the register 1196, and reads/
writes data from/to the register 1196 in accordance with the
state of the CPU.

The timing controller 1195 generates signals for control-
ling operation timings of the ALU 1191, the ALU controller
1192, the instruction decoder 1193, the interrupt controller
1194, and the register controller 1197. For example, the tim-
ing controller 1195 includes an internal clock generator for
generating an internal clock signal CLLK2 based on a refer-
ence clock signal CLK1, and supplies the internal clock sig-
nal CLK2 to the above circuits.

In the CPU illustrated in FIG. 9A, a memory cell is pro-
vided in the register 1196. As the memory cell of the register
1196, the memory cell described in Embodiment 5 can be
used.

In the CPU illustrated in FIG. 9A, the register controller
1197 selects operation of holding data in the register 1196 in
accordance with an instruction from the AL U 1191. That is,
the register controller 1197 selects whether data is held by a
flip-flop or by a capacitor in the memory cell included in the
register 1196. When data holding by the flip-flop is selected,
a power supply voltage is supplied to the memory cell in the
register 1196. When data holding by the capacitor is selected,
the data is rewritten in the capacitor, and supply of power
supply voltage to the memory cell in the register 1196 can be
stopped.

The power supply can be stopped by a switching element
provided between a memory cell group and a node to which a
power supply potential VDD or a power supply potential VSS
is supplied, as illustrated in FIG. 9B or FIG. 9C. Circuits
illustrated in FIGS. 9B and 9C are described below.

FIGS. 9B and 9C each illustrate an example of a memory
circuit in which one of the transistors 415, and 416, and 418
described in Embodiment 1, 2, or 3 is used as a switching
element for controlling supply of power supply potential to
memory cells.

The storage device illustrated in FIG. 9B includes a switch-
ing element 1141 and a memory cell group 1143 including a
plurality of memory cells 1142. Specifically, as each of the
memory cells 1142, the memory cell described in Embodi-
ment 3 can be used. Each of the memory cells 1142 included
in the memory cell group 1143 is supplied with the high-level
power supply potential VDD via the switching element 1141.
Further, each of the memory cells 1142 included in the
memory cell group 1143 is supplied with a potential of a
signal IN and the low-level power supply potential VSS.

In FIG. 9B, any of the transistors 415, 416, and 418
described in Embodiment 1, 2, or 3 is used as the switching
element 1141, and the switching of the transistor is controlled
by a signal SigA supplied to a gate electrode layer thereof.

Note that FIG. 9B illustrates a configuration in which the
switching element 1141 includes only one transistor; how-
ever, one embodiment of the present invention is not limited
thereto and the switching element 1141 may include a plural-
ity of transistors. In the case where the switching element
1141 includes a plurality of transistors which serves as
switching elements, the plurality of transistors may be con-
nected to each other in parallel, in series, or in combination of
parallel connection and series connection.

Although the switching element 1141 controls the supply
of the high-level power supply potential VDD to each of the
memory cells 1142 included in the memory cell group 1143 in
FIG. 9B, the switching element 1141 may control the supply
of the low-level power supply potential VSS.

FIG. 9C illustrates an example of a storage device in which
each of the memory cells 1142 included in the memory cell
group 1143 is supplied with the low-level power supply
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potential VSS through the switching element 1141. The sup-
ply of the low-level power supply potential VSS to each of the
memory cells 1142 included in the memory cell group 1143
can be controlled by the switching element 1141.

When a switching element is provided between a memory
cell group and a node to which the power supply potential
VDD or the power supply potential VSS is supplied, data can
be held even in the case where an operation of a CPU is
temporarily stopped and the supply of the power supply volt-
age is stopped; accordingly, power consumption can be
reduced. Specifically, for example, while a user of a personal
computer does not input data to an input device such as a
keyboard, the operation of the CPU can be stopped, so that the
power consumption can be reduced.

Although the CPU is given as an example in this embodi-
ment, the transistor can also be applied to an LSI such as a
digital signal processor (DSP), a custom LSI, or a field pro-
grammable gate array (FPGA).

The structures and methods described in this embodiment
can be combined as appropriate with any of the structures and
methods described in the other embodiments.

(Embodiment 7)

In this embodiment, a display device including a bottom-
gate transistor is described as an example. The bottom-gate
transistor can be formed by a method partly different from the
method for forming the transistor described in Embodiment
2; for example, an oxide insulating film is formed after a gate
electrode layer is formed, the stack of oxide semiconductor
layers is formed without CMP treatment, and a source elec-
trode layer and a drain electrode layer are formed thereover.
After the source electrode layer and the drain electrode layer
are formed, wet etching using dilute hydrofluoric acid is
performed so that part of the stack of oxide semiconductor
layers is thinned; thus, a channel-etched transistor 310 illus-
trated in FIG. 10B can be formed.

FIGS. 10A to 10C illustrate a structural example of the
transistor 310. FIG. 10A is a plan view of the transistor 310,
FIG. 10B is a cross-sectional view taken along the line X1-Y1
in FIG. 10A, and FIG. 10C is a cross-sectional view taken
along the line V1-W1 in FIG. 10A.

The transistor 310 in FIGS. 10A to 10C includes a gate
electrode layer 401 provided over a substrate 400 having an
insulating surface, a gate insulating layer 402 over the gate
electrode layer 401, a stack 403 of oxide semiconductor lay-
ers which is in contact with the gate insulating layer 402 and
overlaps with the gate electrode layer 401, and the electrode
layer 4454 and the electrode layer 4455 which are electrically
connected to the stack 403 of oxide semiconductor layers.
Further, an insulating layer 407 which covers the electrode
layer 445a and the electrode layer 4455 and is in contact with
the stack 403 of oxide semiconductor layers may be included
as a component of the transistor 310. The channel length of
the transistor 310 can be, for example, 1 um or more.

In this embodiment, the gate insulating layer 402 is a stack
of a gate insulating layer 402a which is in contact with the
gate electrode layer 401 and a gate insulating layer 4025
which is provided over the gate insulating layer 402 and is in
contact with the stack 403 of oxide semiconductor layers.
Further, the insulating layer 407 is a stack of an insulating
layer 4074 which is in contact with the electrode layer 445a
and the electrode layer 4456 and an insulating layer 4075
which is over the insulating layer 407a.

Materials, compositions, crystal structures, and the like of
the first oxide semiconductor layer 403¢ and the third oxide
semiconductor layer 403¢ are selected as appropriate so that
the first oxide semiconductor layer 403¢ and the third oxide
semiconductor layer 403¢ have the energy band diagram
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shown in FIG. 1B. When the oxide semiconductor layers have
the same constituent elements, the first oxide semiconductor
layer 403a or the third oxide semiconductor layer 403¢ may
be formed to have a composition having a higher band gap.

The first oxide semiconductor layer 403a prevents capture
of carriers at the interface between the channel and the gate
insulating layer, so that photodegradation (e.g., negative-bias
temperature stress photodegradation) of the transistor can be
reduced, which enables the transistor to have high reliability.

In general, an oxide semiconductor layer is mostly formed
by a sputtering method. On the other hand, when the oxide
semiconductor layer is formed by sputtering, in some cases,
an ionized rare gas element (e.g., argon) or an element ejected
from a surface of a sputtering target flicks off a constituent
element of a film, such as a gate insulating layer, on which the
oxide semiconductor layer is to be formed. The element
flicked off from the film on which the oxide semiconductor
layer is to be formed might enter the oxide semiconductor
layer and function as an impurity element therein. In particu-
lar, a portion of the oxide semiconductor layer, which is in the
vicinity of the surface on which the oxide semiconductor
layer is formed, might have high concentration of the impu-
rity element. Further, when the impurity element remains in
the vicinity of the surface where the oxide semiconductor
layer is to be formed, the resistance of the oxide semiconduc-
tor layer is increased, which causes the electrical character-
istics of the transistor to be lowered.

However, in the transistor 310, since the first oxide semi-
conductor layer 403a is provided between the gate insulating
layer 402 and the second oxide semiconductor layer 4035 in
which the channel is formed, a constituent element of the gate
insulating layer 402 can be prevented from diffusing to the
channel. That is, the first oxide semiconductor layer 403a
may contain the constituent element (e.g., silicon) of the gate
insulating layer 402 as an impurity. By including the first
oxide semiconductor layer 403a, the transistor 310 can have
more stabilized electrical characteristics; thus, a highly reli-
able semiconductor device can be provided.

The third oxide semiconductor layer 403¢ provided on the
back-channel side of the second oxide semiconductor layer
4035 reduces the influence of a trap level at the back-channel-
side interface of the transistor 310. For example, the third
oxide semiconductor layer 403¢ can prevent a constituent
element of the electrode layers 445a and 4455 from diffusing
into the second oxide semiconductor layer 4035. That is, the
third oxide semiconductor layer 403¢ might contain the con-
stituent element (e.g., copper) of the electrode layers 4454
and 445b, as an impurity. Since formation ofa trap level in the
channel of the transistor can be prevented when the third
oxide semiconductor layer 403c¢ is provided, an increase in S
value due to the trap level and/or control of the threshold
voltage can be performed. When the threshold voltage is
controlled with the third oxide semiconductor layer 403c, the
transistor can be made normally off.

An example of a method for manufacturing the transistor
310 is described below.

First, the gate electrode layer 401 (including a wiring
formed with the same layer) is formed over the substrate 400
having an insulating surface.

Next, the gate insulating layer 402 is provided over the gate
electrode layer 401 so as to cover the gate electrode layer 401.
Note that it is preferable that a region which is included in the
gate insulating layer 402 and is in contact with the first oxide
semiconductor layer 4034 formed later (in this embodiment,
the gate insulating layer 4025) be formed using an oxide
insulating layer and it is further preferable that the region
include a region containing oxygen in a proportion higher
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than that of the stoichiometric composition (an oxygen-ex-
cess region). In this embodiment, a silicon nitride film is
formed as the gate insulating layer 402a, and a silicon oxide
film is formed as the gate insulating layer 4025.

The gate insulating layer 402 does not have to be a stacked
layer. For example, a 20-nm-thick silicon oxide film formed
by a plasma CVD method may be used for the gate insulating
layer 402. In this case, after the silicon oxide film is formed,
radical oxidation treatment using microwave plasma for
reducing oxygen vacancies is preferably performed. For the
conditions of the treatment, for example, a high-density
plasma apparatus is used, a power of 3800 W is supplied with
a power supply of 2.45 GHz, the pressure is 106.67 Pa, the
substrate temperature is 325° C., the flow rate of argon is 900
sccm, and the flow rate of oxygen is 5 sccm. Here, a high-
density plasma apparatus refers to an apparatus which can
realize a plasma density higher than or equal to 1x10"!/cm?.
For example, plasma is generated by applying a microwave
power of 3 kW to 6 kW inclusive. Further, before the gate
insulating layer 402 is formed, plasma treatment in which
nitrous oxide (N,O) and a rare gas are introduced and a
high-density plasma is used may be performed.

Next, the stack 403 of oxide semiconductor layers is
formed over the gate insulating layer 402. The stack 403 of
oxide semiconductor layers has a three-layer structure in
which the first oxide semiconductor layer 4034, the second
oxide semiconductor layer 4035, and the third oxide semi-
conductor layer 403¢ are stacked in this order. In this embodi-
ment, the oxide semiconductor layer 403a is formed using a
target having an atomic ratio of In:Ga:Zn=1:3:2. The second
oxide semiconductor layer 4035 is formed using a target
having an atomic ratio of In:Ga:Zn=3:1:2. The third oxide
semiconductor layer 403¢ is formed using a target having an
atomic ratio of In:Ga:Zn=1:1:1.

Next, a conductive film is formed over the stack 403 of
oxide semiconductor layers and processed to form the elec-
trode layer 445a and the electrode layer 44556 (including a
wiring formed with the same layer). Then, wet etching using
dilute hydrofluoric acid is performed so that part of the third
oxide semiconductor layer 403c¢ is thinned.

Next, the insulating layer 407 is formed to cover the elec-
trode layer 445a, the electrode layer 4455, and the exposed
stack 403 of oxide semiconductor layers. The insulating layer
407 can be formed using a single layer or a stack of layers of
one or more of the following films formed by a plasma CVD
method or a sputtering method: a silicon oxide film, a gallium
oxide film, an aluminum oxide film, a silicon nitride film, a
silicon oxynitride film, an aluminum oxynitride film, a silicon
nitride oxide film, and the like. Note that it is preferable that
anoxide insulating layer be formed as the insulating layer 407
(in this embodiment, the insulating layer 4074) in contact
with the stack 403 of oxide semiconductor layers because the
oxide insulating layer can supply oxygen to the stack 403 of
oxide semiconductor layers.

After the formation of the oxide insulating layer in which
oxygen is diffused, a silicon oxide film or a silicon oxynitride
film may be formed under the following conditions: the sub-
strate placed in a treatment chamber of the plasma CVD
apparatus, which is vacuum-evacuated, without exposure to
the air is held at a temperature higher than or equal to 180° C.
and lower than or equal to 250° C., preferably higher than or
equal to 180° C. and lower than or equal to 230° C., the
pressure in the treatment chamber is greater than or equal to
100 Pa and less than or equal to 250 Pa, preferably greater
than or equal to 100 Pa and less than or equal to 200 Pa with
introduction of a source gas into the treatment chamber, and
high-frequency power higher than or equal to 0.17 W/cm? and
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lower than or equal to 0.5 W/cm?, preferably higher than or
equal to 0.26 W/cm? and lower than or equal to 0.35 W/ecm? is
supplied to an electrode provided in the treatment chamber.
Under the above conditions, the decomposition efficiency of
the source gas in plasma is enhanced, oxygen radicals are
increased, and oxidation of the source gas is promoted; thus,
the oxygen content in the formed silicon oxide film or silicon
oxynitride film is in excess of that in the stoichiometric com-
position. However, the bonding strength of silicon and oxy-
gen is weak in the above substrate temperature range; there-
fore, part of oxygen is released by heating. Thus, it is possible
to form an oxide insulating layer which contains oxygen in a
proportion higher than that of oxygen in the stoichiometric
composition and from which part of oxygen is released by
heating.

In this embodiment, the silicon oxide film in which oxygen
is diffused and the silicon oxide film from which part of
oxygen is released by heating, which are described above, is
formed as the insulating layer 407a, and a silicon nitride film
is formed as the insulating layer 40754.

Heat treatment may be performed after the insulating layer
407 is formed. The temperature of the heat treatment is typi-
cally higher than or equal to 150° C. and lower than the strain
point of the substrate, preferably higher than or equal to 200°
C. and lower than or equal to 450° C., more preferably higher
than or equal to 300° C. and lower than or equal to 450° C.

Through the above steps, the transistor 310 of this embodi-
ment can be formed.

In the transistor described in this embodiment, the second
oxide semiconductor layer 4035 which functions as a current
path (channel) of the transistor is sandwiched between the
first oxide semiconductor layer 403a and the third oxide
semiconductor layer 403¢ which have lower carrier densities
than the second oxide semiconductor layer 4035. In this struc-
ture, the channel can be formed away from the interface with
the insulating layer in contact with the stack 403 of oxide
semiconductor layers, i.e., a buried channel can be formed;
thus, the field-effect mobility of the transistor can be
improved.

Further, this structure prevents formation of a trap level at
the interface of the second oxide semiconductor layer 4035
functioning as the channel, and thus enables the transistor to
have high reliability.

The structures, methods, and the like described in this
embodiment can be combined as appropriate with any of the
structures, methods, and the like described in the other
embodiments.

(Embodiment 8)

A semiconductor device having a display function (also
referred to as a display device) can be manufactured using the
transistor described in Embodiment 1 or 7. Further, part or all
of the driver circuitry which includes the transistor can be
formed over a substrate where a pixel portion is formed,
whereby a system-on-panel can be formed.

In FIG. 11A, a sealant 4005 is provided so as to surround a
pixel portion 4002 provided over a substrate 4001, and the
pixel portion 4002 is sealed with a substrate 4006. In FIG.
11A, a scan line driver circuit 4004 and a signal line driver
circuit 4003 which are each formed using a single crystal
semiconductor film or a polycrystalline semiconductor film
over an IC chip or a substrate separately prepared are
mounted on the substrate 4001, in a region that is different
from the region surrounded by the sealant 4005. Various
signals and potentials are supplied to the pixel portion 4002
through the signal line driver circuit 4003 and the scan line
driver circuit 4004 from flexible printed circuits (FPCs)
40184 and 40185.
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In FIGS. 11B and 11C, the sealant 4005 is provided to
surround the pixel portion 4002 and the scan line driver circuit
4004 which are provided over the substrate 4001. The sub-
strate 4006 is provided over the pixel portion 4002 and the
scan line driver circuit 4004. Consequently, the pixel portion
4002 and the scan line driver circuit 4004 are sealed together
with a display element by the substrate 4001, the sealant
4005, and the substrate 4006. In FIGS. 11B and 11C, the
signal line driver circuit 4003 which is formed using a single
crystal semiconductor film or a polycrystalline semiconduc-
tor film over an IC chip or a substrate separately prepared is
mounted on the substrate 4001, in a region that is different
from the region surrounded by the sealant 4005. In FIGS. 11B
and 11C, various signals and potentials are supplied to the
pixel portion 4002 through the signal line driver circuit 4003
and the scan line driver circuit 4004 from an FPC 4018.

Although FIGS. 11B and 11C each illustrate an example in
which the signal line driver circuit 4003 is formed separately
and mounted on the substrate 4001, one embodiment of the
present invention is not limited to this structure. The scan line
driver circuit may be separately formed and then mounted, or
only part of the signal line driver circuit or part of the scan line
driver circuit may be separately formed and then mounted.

Note that a connection method of a separately formed
driver circuit is not particularly limited, and a chip on glass
(COG) method, a wire bonding method, a tape automated
bonding (TAB) method, or the like can be used. FIG. 11A
shows an example in which the signal line driver circuit 4003
and the scan line driver circuit 4004 are mounted by a COG
method. FIG. 11B shows an example in which the signal line
driver circuit 4003 is mounted by a COG method. FIG. 11C
shows an example in which the signal line driver circuit 4003
is mounted by a TAB method.

Note that the display device includes in its category a panel
in which the display element is sealed and a module in which
an IC including a controller or the like is mounted on the
panel. That is, a display device in this specification means an
image display device, a display device, or a light source
(including a lighting device). Furthermore, the display device
also includes the following modules in its category: a module
to which a connector such as an FPC, a TAB, or a TCP is
attached; a module having a TAB or a TCP at the tip of which
a printed wiring board is provided; and a module in which an
integrated circuit (IC) is directly mounted on a display ele-
ment by a COG method.

The pixel portion and the scan line driver circuit provided
over the substrate include a plurality of transistors, and the
transistor described in Embodiment 1 or 7 can be applied
thereto.

As the display element provided in the display device, a
liquid crystal element (also referred to as a liquid crystal
display element) or a light-emitting element (also referred to
as a light-emitting display element) can be used. The light-
emitting element includes, in its category, an element whose
luminance is controlled by current or voltage, and specifically
includes an inorganic electroluminescent (EL) element, an
organic EL. element, and the like. Furthermore, a display
medium whose contrast is changed by an electric effect, such
as an electronic ink display device (electronic paper), can be
used.

Embodiments of the semiconductor device are described
with reference to FIGS. 11A to 11C and FIGS. 12A and 12B.
FIGS. 12A and 12B correspond to cross-sectional views
along line M-N in FIG. 11B. Examples of a liquid crystal
display device using a liquid crystal element as a display
element are illustrated in FIGS. 12A and 12B.
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A liquid crystal display device can employ a vertical elec-
tric field mode or a horizontal electric field mode. FIG. 12A
illustrates an example in which a vertical electric field mode
is employed, and FIG. 12B illustrates and example in which a
fringe field switching (FFS) mode, which is one of horizontal
electric field modes, is employed.

Note that a transistor 4010 provided in the pixel portion
4002 is electrically connected to a display element to form a
display panel. A variety of display elements can be used as the
display element as long as display can be performed.

As illustrated in FIGS. 11A to 11C and FIGS. 12A and
12B, the semiconductor device includes a connection termi-
nal electrode 4015 and a terminal electrode 4016. The con-
nection terminal electrode 4015 and the terminal electrode
4016 are electrically connected to a terminal included in the
FPC 4018 or 40185 through an anisotropic conductive layer
4019.

The connection terminal electrode 4015 is formed from the
same conductive layer as a first electrode layer 4034. The
terminal electrode 4016 is formed from the same conductive
layer as a gate electrode layer of the transistor 4010 and a
transistor 4011.

The pixel portion 4002 and the scan line driver circuit 4004
provided over the substrate 4001 include a plurality of tran-
sistors. FIGS. 11A to 11C and FIGS. 12A and 12B illustrate
the transistor 4010 included in the pixel portion 4002 and the
transistor 4011 included in the scan line driver circuit 4004. In
FIGS. 12A and 12B, insulating layers 40324 and 40325 are
provided over the transistors 4010 and 4011.

In FIG. 12B, a planarization insulating layer 4040 is pro-
vided over the insulating layer 40325, and an insulating layer
4042 is provided between the first electrode layer 4034 and
the second electrode layer 4031.

The transistor described in Embodiment 1 or 7 can be
applied to the transistor 4010 and the transistor 4011. In this
embodiment, an example in which a transistor having a struc-
ture similar to that of the transistor 310 described in Embodi-
ment 7 is used is described. The transistors 4010 and 4011 are
bottom-gate transistors.

The transistors 4010 and 4011 each include a stacked-layer
structure of a gate insulating layers 4020q and 40205. In FIG.
12A, the gate insulating layers 4020a and 40205 of the tran-
sistors 4010 and 4011 and the insulating layers 4032a and
40325 provided over the transistors 4010 and 4011 extend
below the sealant 4005 to cover an end portion of the connec-
tion terminal electrode 4015. In FIG. 12B, the gate insulating
layer 4020q and the insulating layer 40325 extend below the
sealant 4005 to cover the end portion of the connection ter-
minal electrode 4015, and the insulating layer 40325 covers
side surfaces of the gate insulating layer 40205 and the insu-
lating layer 4032a. It is preferable to apply of a film (e.g., a
silicon nitride film) having a blocking property against hydro-
gen or a compound containing hydrogen (e.g., water) to each
of the gate insulating layer 4020a and the insulating layer
40325 because the film can prevent the entry of hydrogen or
a compound containing hydrogen from the air or the like,
resulting in an improvement in the reliability of the semicon-
ductor device.

In each of the transistors 4010 and 4011, a second oxide
semiconductor layer which functions as a current path (chan-
nel) is sandwiched between a first oxide semiconductor layer
and a third oxide semiconductor layer which have different
compositions from the second oxide semiconductor layer.
Accordingly, each of the transistors 4010 and 4011 is a bur-
ied-channel transistor in which a current path is formed away
from the interface with the insulating layer, and therefore has
high field-effect mobility. In addition, each of the transistors
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4010 and 4011 is a highly reliable transistor in which influ-
ence of an interface state which might be formed on the back
channel side is reduced and photodegradation (e.g., negative-
bias temperature stress photodegradation) is reduced.

Moreover, aconductive layer may be further provided so as
to overlap with a channel formation region in the oxide semi-
conductor layer of the transistor 4011 for the driver circuit.
When the conductive layer is provided so as to overlap with
the channel formation region in the oxide semiconductor
layer, the amount of change in the threshold voltage of the
transistor 4011 can be further reduced. The conductive layer
may have the same potential as or a potential different from
that of a gate electrode layer of the transistor 4011, and can
function as a second gate electrode layer. The potential of the
conductive layer may be a minimum potential, GND, or 0V,
or the conductive layer may be in a floating state.

In addition, the conductive layer has a function of blocking
an external electric field, that is, a function of preventing an
external electric field (particularly, a function of preventing
static electricity) from affecting the inside (a circuit portion
including a transistor). A blocking function of the conductive
layer can prevent variation in the electrical characteristics of
the transistor due to an influence of an external electric field
such as static electricity.

In FIGS. 12A and 12B, a liquid crystal element 4013
includes a first electrode layer 4034, a second electrode layer
4031, and a liquid crystal layer 4008. Note that insulating
layers 4033 and 4038 functioning as alignment films are
provided so that the liquid crystal layer 4008 is positioned
therebetween.

In FIG. 12A, the second electrode layer 4031 is provided
on the substrate 4006 side, and the first electrode layer 4034
and the second electrode layer 4031 are stacked with the
liquid crystal layer 4008 provided therebetween. In FIG. 12B,
the second electrode layer 4031 having an opening pattern is
provided below the liquid crystal layer 4008, and the first
electrode layer 4034 having a flat plate shape is provided
below the second electrode layer 4031 with the insulating
layer 4042 provided therebetween. In FIG. 12B, the second
electrode layer 4031 having an opening pattern includes a
bent portion or acomb-shaped portion. An arrangement of the
first electrode layer 4034 and the second electrode layer 4031,
which complies with both conditions that they have the same
shape and they completely overlap with each other, is avoided
in order to generate an electric field between the electrodes.
Note that a structure may be employed in which the second
electrode layer 4031 having a flat plate shape is formed on and
in contact with the planarization insulating layer 4040, and
the first electrode layer 4034 having an opening pattern and
serving as a pixel electrode is formed over the second elec-
trode layer 4031 with the insulating layer 4042 provided
therebetween.

The first electrode layer 4034 and the second electrode
layer 4031 can be formed using a light-transmitting conduc-
tive material such as indium oxide containing tungsten oxide,
indium zinc oxide containing tungsten oxide, indium oxide
containing titanium oxide, indium tin oxide containing tita-
nium oxide, indium tin oxide, indium zinc oxide, indium tin
oxide to which silicon oxide is added, or graphene.

Alternatively, the first electrode layer 4034 and the second
electrode layer 4031 can be formed using one or more mate-
rials selected from metals such as tungsten (W), molybdenum
(Mo), zirconium (Zr), hatnium (Hf), vanadium (V), niobium
(Nb), tantalum (Ta), chromium (Cr), cobalt (Co), nickel (Ni),
titanium (T1), platinum (Pt), aluminum (Al), copper (Cu), and
silver (Ag); an alloy of any of these metals; and a nitride of
any of these metals.
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A spacer 4035 is a columnar spacer obtained by selective
etching of an insulating layer and is provided in order to
control the thickness of the liquid crystal layer 4008 (a cell
gap). Alternatively, a spherical spacer may be used.

In the case where a liquid crystal element is used as the
display element, a thermotropic liquid crystal, a ferroelectric
liquid crystal, an anti-ferroelectric liquid crystal, or the like
can be used. These liquid crystal materials may be a low
molecular compound or a high molecular compound. Such a
liquid crystal material (liquid crystal composition) exhibits a
cholesteric phase, a smectic phase, a cubic phase, a chiral
nematic phase, an isotropic phase, or the like depending on
conditions.

Alternatively, a liquid crystal composition exhibiting a
blue phase for which an alignment film is unnecessary may be
used for the liquid crystal layer 4008. In this case, the liquid
crystal layer 4008 is in contact with the first electrode layer
4034 and the second electrode layer 4031. A blue phase is one
of liquid crystal phases, which is generated just before a
cholesteric phase changes into an isotropic phase while tem-
perature of cholesteric liquid crystal is increased. The blue
phase can be exhibited using a liquid crystal composition
which is a mixture of a liquid crystal and a chiral material. In
order to increase the temperature range where the blue phase
is exhibited, a liquid crystal layer may be formed by adding a
polymerizable monomer, a polymerization initiator, and the
like to a liquid crystal composition exhibiting a blue phase
and by performing polymer stabilization treatment. The lig-
uid crystal composition exhibiting a blue phase has a short
response time, and has optical isotropy, which contributes to
the exclusion of the alignment process and reduction of view-
ing angle dependence. In addition, since an alignment film
does not need to be provided and rubbing treatment is unnec-
essary, electrostatic discharge damage caused by the rubbing
treatment can be prevented and defects and damage of the
liquid crystal display device can be reduced in the manufac-
turing process. Thus, productivity of the liquid crystal display
device can be increased.

The specific resistivity of the liquid crystal material is
greater than or equal to 1x10° Q-cm, preferably greater than
or equal to 1x10'" Q-cm, more preferably greater than or
equal to 1x10'2 Q-cm. Note that the specific resistivity in this
specification is measured at 20° C.

The size of a storage capacitor formed in the liquid crystal
display device is set considering the leakage current of the
transistor provided in the pixel portion or the like so that
charge can be held for a predetermined period. The size of the
storage capacitor may be set considering the off-state current
of a transistor or the like. By using a transistor including an
oxide semiconductor layer, which is disclosed in this speci-
fication, it is enough to provide a storage capacitor having a
capacitance that is %3 or less, preferably 5 or less of liquid
crystal capacitance of each pixel.

In the transistor including an oxide semiconductor layer,
which is disclosed in this specification, the current in an off
state (off-state current) can be made small. Accordingly, an
electric signal such as an image signal can be held for a longer
period and a writing interval can be set longer. Accordingly,
the frequency of refresh operation can be reduced, which
leads to an effect of suppressing power consumption.

The transistor including an oxide semiconductor layer,
which is disclosed in this specification, can have high field-
effect mobility; thus, the transistor can operate at high speed.
For example, when such a transistor is used for a liquid crystal
display device, a switching transistor in a pixel portion and a
driver transistor in a driver circuit portion can be formed over
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one substrate. In addition, by using such a transistor in a pixel
portion, a high-quality image can be provided.

For the liquid crystal display device, a twisted nematic
(TN) mode, an in-plane-switching (IPS) mode, an axially
symmetric aligned micro-cell (ASM) mode, an optical com-
pensated birefringence (OCB) mode, a ferroelectric liquid
crystal (FLC) mode, an anti-ferroelectric liquid crystal
(AFLC) mode, or the like can be used.

A normally black liquid crystal display device such as a
transmissive liquid crystal display device utilizing a vertical
alignment (VA) mode may be used. Some examples are given
as the vertical alignment mode. For example, a multi-domain
vertical alignment (MVA) mode, a patterned vertical align-
ment (PVA) mode, or an advanced super view (ASV) mode
can be used. Furthermore, this embodiment can be applied to
a VA liquid crystal display device. The VA liquid crystal
display device has a kind of form in which alignment of liquid
crystal molecules of a liquid crystal display panel is con-
trolled. In the VA liquid crystal display device, liquid crystal
molecules are aligned in a vertical direction with respect to a
panel surface when no voltage is applied. Moreover, it is
possible to use a method called domain multiplication or
multi-domain design, in which a pixel is divided into some
regions (subpixels) and molecules are aligned in different
directions in their respective regions.

In the display device, a black matrix (a light-blocking
layer), an optical member (an optical substrate) such as a
polarizing member, a retardation member, or an anti-reflec-
tion member, and the like are provided as appropriate. For
example, circular polarization may be obtained by using a
polarizing substrate and a retardation substrate. In addition, a
backlight, a side light, or the like may be used as a light
source.

As a display method in the pixel portion, a progressive
method, an interlace method or the like can be employed.
Further, color elements controlled in a pixel at the time of
color display are not limited to three colors: R, G, and B (R,
G, and B correspond to red, green, and blue, respectively). For
example, R, G, B, and W (W corresponds to white); R, G, B,
and one or more of yellow, cyan, magenta, and the like; or the
like can be used. Further, the sizes of display regions may be
different between respective dots of color elements. Note that
one embodiment of the disclosed invention is not limited to
the application to a display device for color display; the
disclosed invention can also be applied to a display device for
monochrome display.

Alternatively, as the display element included in the dis-
play device, a light-emitting element utilizing electrolumi-
nescence can be used. Light-emitting elements utilizing elec-
troluminescence are classified according to whether a light-
emitting material is an organic compound or an inorganic
compound. In general, the former is referred to as an organic
EL element, and the latter is referred to as an inorganic EL
element.

In an organic EL element, by application of voltage to a
light-emitting element, electrons and holes are separately
injected from a pair of electrodes into a layer containing a
light-emitting organic compound, and current flows. The car-
riers (electrons and holes) are recombined, and thus, the light-
emitting organic compound is excited. The light-emitting
organic compound returns to a ground state from the excited
state, thereby emitting light. Owing to such a mechanism, this
light-emitting element is referred to as a current-excitation
light-emitting element. In this embodiment, an organic ELL
element is used as a light-emitting element.

In order to extract light emitted from the light-emitting
element, at least one of the pair of electrodes has a light-
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transmitting property. A transistor and a light-emitting ele-
ment are formed over a substrate. The light-emitting element
can have a top emission structure in which light emission is
extracted through the surface opposite to the substrate; a
bottom emission structure in which light emission is
extracted through the surface on the substrate side; or a dual
emission structure in which light emission is extracted
through the surface opposite to the substrate and the surface
on the substrate side, and a light-emitting element having any
of these emission structures can be used.

FIGS. 13A and 13B illustrate an example of a light-emit-
ting device using a light-emitting element as a display ele-
ment.

FIG. 13A is a plan view of the light-emitting device, and
FIG. 13B is a cross-sectional view taken along dashed-dotted
lines S1-T1, S2-T2, and S3-T3 in FIG. 13A. Note that an
electroluminescent layer 542 and a second electrode layer
543 are not illustrated in the plan view in FIG. 13A.

The light-emitting device illustrated in FIGS. 13A and 13B
includes, over a substrate 500, a transistor 510, a capacitor
520, and a wiring layer intersection 530. The transistor 510 is
electrically connected to a light-emitting element 540. Note
that FIGS. 13A and 13B illustrate a bottom-emission light-
emitting device in which light from the light-emitting element
540 is extracted through the substrate 500.

The transistor described in Embodiment 1 or 7 can be
applied to the transistor 510. In this embodiment, an example
in which a transistor having a structure similar to that of the
transistor 310 described in Embodiment 7 is used is
described. The transistor 510 is a bottom-gate transistor.

The transistor 510 includes gate electrode layers 511a and
511b; gate insulating layers 501 and 502; an stack of oxide
semiconductor layers 512 including a first oxide semiconduc-
tor layer 512a, a second oxide semiconductor layer 5125, and
a third oxide semiconductor layer 512¢; and conductive lay-
ers 513a and 5135 serving as a source electrode layer and a
drain electrode layer. In addition, an insulating layer 525 is
formed over the transistor 510.

The capacitor 520 includes conductive layers 521a and
521b; the gate insulating layers 501 and 502; a stack of oxide
semiconductor layers 522 including a first oxide semiconduc-
tor layer 522a, a second oxide semiconductor layer 5225, and
a third oxide semiconductor layer 522¢; and a conductive
layer 523. The gate insulating layers 501 and 502 and the
stack of oxide semiconductor layers 522 are sandwiched
between the conductive layer 523 and the conductive layers
521a and 5215, whereby the capacitor is formed.

The wiring layer intersection 530 is an intersection of a
conductive layer 533 and the gate electrode layers 511a and
5115. The conductive layer 533 and the gate electrode layers
511a and 5115 intersect with each other with the gate insu-
lating layers 501 and 502 provided therebetween.

In this embodiment, a 30-nm-thick titanium film is used as
each of the gate electrode layer 511a and the conductive layer
521a, and a 200-nm-thick copper film is used as each of the
gate electrode layer 5115 and the conductive layer 5215.
Thus, the gate electrode layer has a stacked-layer structure of
the titanium film and the copper film.

In the transistor 510, a second oxide semiconductor layer
which functions as a current path (channel) is sandwiched
between a first oxide semiconductor layer and a third oxide
semiconductor layer which have different compositions from
the second oxide semiconductor layer. Accordingly, the tran-
sistor 510 is a buried-channel transistor in which a current
path is formed away from the interface with the insulating
layer, and therefore has high field-effect mobility. In addition,
the transistor 510 is a highly reliable transistor in which
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influence of an interface state which might be formed on the
back channel side is reduced and photodegradation (e.g.,
negative-bias temperature stress photodegradation) is
reduced.

An interlayer insulating layer 504 is formed over the tran-
sistor 510, the capacitor 520, and the wiring layer intersection
530. Over the interlayer insulating layer 504, a color filter
layer 505 is provided in a region overlapping with the light-
emitting element 540. An insulating layer 506 functioning as
aplanarization insulating layer is provided over the interlayer
insulating layer 504 and the color filter layer 505.

The light-emitting element 540 having a stacked-layer
structure in which a first electrode layer 541, the electrolumi-
nescent layer 542, and the second electrode layer 543 are
stacked in this order is provided over the insulating layer 506.
The first electrode layer 541 and the conductive layer 513a
are in contact with each other in an opening formed in the
insulating layer 506 and the interlayer insulating layer 504,
which reaches the conductive layer 513a; thus the light-emit-
ting element 540 and the transistor 510 are electrically con-
nected to each other. Note that a partition 507 is provided so
as to cover part of the first electrode layer 541 and the open-
ing.

Further, a 1500-nm-thick photosensitive acrylic film and a
1500-nm-thick photosensitive polyimide film can be used as
the insulating layer 506 and the partition 507, respectively.

Asthecolor filter layer 505, for example, a chromatic color
light-transmitting resin can be used. As the chromatic color
light-transmitting resin, a photosensitive organic resin or a
non-photosensitive organic resin can be used. The photosen-
sitive organic resin is preferably used, in which case the
number of resist masks can be reduced, which results in the
simplification of the process.

Chromatic colors are all colors except achromatic colors
such as black, gray, and white. The color filter layer is formed
using a material which transmits only light of the chromatic
colors. As chromatic color, red, green, blue, or the like can be
used. Alternatively, cyan, magenta, yellow, or the like may
also be used. “Transmitting only light of a chromatic color”
means that light passing through the color filter layer has a
peak at a wavelength of the light of the chromatic color. The
thickness of the color filter layer may be controlled as appro-
priate in consideration of the relationship between the con-
centration of the coloring material to be included and the
transmittance of light. For example, the color filter layer 505
may have a thickness greater than or equal to 1500 nm and
less than or equal to 2000 nm.

The partition 507 can be formed using an organic insulat-
ing material or an inorganic insulating material. It is particu-
larly preferable that the partition 507 be formed using a pho-
tosensitive resin material to have an opening over the first
electrode layer 541. A sidewall of the opening is preferably
formed as a tilted surface with continuous curvature.

The electroluminescent layer 542 may be formed using
either a single layer or a stack of a plurality of layers.

A protective film may be formed over the second electrode
layer 543 and the partition 507 in order to prevent entry of
oxygen, hydrogen, moisture, carbon dioxide, or the like into
the light-emitting element 540. As the protective film, a sili-
con nitride film, a silicon nitride oxide film, a DLC film, or the
like can be formed.

Further, the light-emitting element 540 may be covered
with a layer containing an organic compound deposited by an
evaporation method so that oxygen, hydrogen, moisture, car-
bondioxide, or the like do not enter the light-emitting element
540.
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In addition, if needed, an optical film, such as a polarizing
plate, a circularly polarizing plate (including an elliptically
polarizing plate), a retardation plate (a quarter-wave plate or
ahalf-wave plate), or a color filter, may be provided as appro-
priate on a light-emitting surface of the light-emitting ele-
ment. Further, the polarizing plate or the circularly polarizing
plate may be provided with an anti-reflection film. For
example, anti-glare treatment by which reflected light can be
diffused by projections and depressions on the surface so as to
reduce the glare can be performed.

The insulating layer 506 functioning as a planarization
insulating layer can be formed using an organic material
having heat resistance, such as an acrylic resin, polyimide, a
benzocyclobutene-based resin, polyamide, or an epoxy resin.
Other than such organic materials, it is also possible to use a
low-dielectric constant material (low-k material) such as a
siloxane-based resin, phosphosilicate glass (PSG), or boro-
phosphosilicate glass (BPSG). Note that the insulating layer
506 may be formed by stacking a plurality of insulating layers
formed using any of these materials.

There is no particular limitation on the method of forming
the insulating layer 506; the following method can be used
depending on the material: a sputtering method, spin coating,
dipping, spray coating, a droplet discharge method (such as
an inkjet method), screen printing, offset printing, or the like.

Materials similar to those of the first electrode layer 4034
and the second electrode layer 4031 illustrated in FIG. 12A or
FIG. 12B can be used for the first electrode layer 541 and the
second electrode layer 543.

In this embodiment, since the light-emitting device illus-
trated in FIGS. 13A and 13B has a bottom-emission structure,
the first electrode layer 541 has a light-transmitting property
and the second electrode layer 543 has a light-reflecting prop-
erty. Accordingly, in the case of using a metal film as the first
electrode layer 541, the film is preferably made thin enough to
secure a light-transmitting property; and in the case of using
a light-transmitting conductive layer as the second electrode
layer 543, a light-reflecting conductive layer is preferably
stacked therewith.

A protection circuit for protecting the driver circuit may be
provided. The protection circuit is preferably formed using a
nonlinear element.

By using the transistor described in Embodiment 7 as
described above, the semiconductor device can have a variety
of functions.

(Embodiment 9)

A semiconductor device disclosed in this specification can
be applied to a variety of electronic devices (including game
machines). Examples of the electronic devices include dis-
play devices of televisions, monitors, and the like, lighting
devices, desktop personal computers and notebook personal
computers, word processors, image reproduction devices
which reproduce still images or moving images stored in
recording media such as digital versatile discs (DVDs), por-
table compact disc (CD) players, radio receivers, tape record-
ers, headphone stereos, stereos, cordless phone handsets,
transceivers, portable wireless devices, mobile phones, car
phones, portable game machines, calculators, portable infor-
mation terminals, electronic notebooks, e-book readers, elec-
tronic translators, audio input devices, video cameras, digital
still cameras, electric shavers, high-frequency heating appli-
ances such as microwave ovens, electric rice cookers, electric
washing machines, electric vacuum cleaners, air-condition-
ing systems such as air conditioners, dishwashers, dish dry-
ers, clothes dryers, futon dryers, electric refrigerators, electric
freezers, electric refrigerator-freezers, freezers for preserving
DNA, smoke detectors, radiation counters, and medical
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equipment such as dialyzers. Further, the examples include
industrial equipment such as guide lights, traffic lights, belt
conveyors, elevators, escalators, industrial robots, and power
storage systems. In addition, oil engines, moving objects
driven by electric motors using power from the non-aqueous
secondary batteries, and the like are also included in the
category of electric appliances. Examples of the moving
objects include electric vehicles (EV), hybrid electric
vehicles (HEV) which include both an internal-combustion
engine and a motor, plug-in hybrid electric vehicles (PHEV),
tracked vehicles in which caterpillar tracks are substituted for
wheels of these vehicles, motorized bicycles including
motor-assisted bicycles, motorcycles, electric wheelchairs,
golf carts, boats or ships, submarines, helicopters, aircrafts,
rockets, artificial satellites, space probes, planetary probes,
spacecrafts, and the like. Specific examples of these elec-
tronic devices are illustrated in FIGS. 14A to 14C and FIGS.
15A to 15C.

FIGS. 14A and 14B illustrate a tablet terminal that can be
folded in two. FIG. 14A illustrates the tablet terminal which
is open (unfolded). The tablet terminal includes a housing
9630, a display portion 9631a, a display portion 96315, a
switch 9034 for switching display modes, a power switch
9035, a switch 9036 for switching to power-saving mode, a
fastener 9033, and an operation switch 9038.

In such a portable device illustrated in FIGS. 14A and 14B,
an SRAM or a DRAM is used as a memory for temporarily
storing image data. For example, the semiconductor device
described in Embodiment 5 can be used as a memory. The
semiconductor device described in the above embodiment
employed for the memory element enables writing and read-
ing of data to be performed at high speed, enables data to be
retained for a long time, and enables power consumption to be
sufficiently reduced. A CPU for performing image processing
or arithmetic processing is used in the portable device illus-
trated in FIGS. 14A and 14B. As the CPU, the CPU described
in Embodiment 6 can be used. In the case where the CPU
described in Embodiment 6 is used, power consumption of
the portable device can be reduced.

A touch panel region 9632a can be provided in a part of the
display portion 9631a, in which data can be input by touching
displayed operation keys 9638. Note that FIG. 14A shows, as
an example, that half of the area of the display portion 9631a
has only a display function and the other half of the area has
a touch panel function. However, the structure of the display
portion 9631a is not limited to this, and all the area of the
display portion 9631a may have a touch panel function. For
example, all the area of the display portion 9631« can display
keyboard buttons and serve as a touch panel while the display
portion 96315 can be used as a display screen.

Like the display portion 9631a, part of the display portion
96315b can be a touch panel region 96325. When a finger, a
stylus, or the like touches the place where a button 9639 for
switching to keyboard display is displayed in the touch panel,
keyboard buttons can be displayed on the display portion
96315.

Touch input can be performed concurrently on the touch
panel regions 9632a and 96325.

The switch 9034 for switching display modes allows
switching between a landscape mode and a portrait mode,
color display and black-and-white display, and the like. With
the switch 9036 for switching to power-saving mode, the
luminance of display can be optimized in accordance with the
amount of external light at the time when the tablet is in use,
which is detected with an optical sensor incorporated in the
tablet. The tablet terminal may include another detection
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device such as a sensor for detecting orientation (e.g., a gyro-
scope or an acceleration sensor) in addition to the optical
sensor.

Although FIG. 14A shows the example where the display
area of the display portion 96314 is the same as that of the
display portion 96315, there is no particular limitation on the
display portions 9631a and 96315. They may differ in size
and/or image quality. For example, one of them may be a
display panel that can display higher-definition images than
the other.

FIG. 14B illustrates the tablet terminal which is closed. The
tablet terminal includes the housing 9630, a solar battery
9633, a charge/discharge control circuit 9634, a battery 9635,
and a DC-DC converter 9636. As an example, FIG. 14B
illustrates the charge/discharge control circuit 9634 including
the battery 9635 and the DC-DC converter 9636.

Since the tablet terminal can be folded in two, the housing
9630 can be closed when the tablet is not in use. Thus, the
display portions 9631a and 96315 can be protected, thereby
providing a tablet terminal with high endurance and high
reliability for long-term use.

The tablet terminal illustrated in FIGS. 14A and 14B can
also have a function of displaying various kinds of data (e.g.,
a still image, a moving image, and a text image), a function of
displaying a calendar, a date, the time, or the like on the
display portion, a touch-input function of operating or editing
data displayed on the display portion by touch input, a func-
tion of controlling processing by various kinds of software
(programs), and the like.

The solar battery 9633, which is attached on the surface of
the tablet terminal, supplies electric power to a touch panel, a
display portion, an image signal processor, and the like. Note
that the solar battery 9633 can be provided on one or both
surfaces of the housing 9630 and the battery 9635 can be
charged efficiently. When a lithium ion battery is used as the
battery 9635, there is an advantage of downsizing or the like.

The structure and operation of the charge/discharge control
circuit 9634 illustrated in FIG. 14B are described with refer-
ence to a block diagram in FI1G. 14C. FIG. 14C illustrates the
solar battery 9633, the battery 9635, the DC-DC converter
9636, a converter 9637, switches SW1 to SW3, and the dis-
play portion 9631. The battery 9635, the DC-DC converter
9636, the converter 9637, and the switches SW1 to SW3
correspond to the charge/discharge control circuit 9634 illus-
trated in FIG. 14B.

First, an example of operation in the case where power is
generated by the solar battery 9633 using external light is
described. The voltage of power generated by the solar bat-
tery 9633 is raised or lowered by the DC-DC converter 9636
so that a voltage for charging the battery 9635 is obtained.
When the display portion 9631 is operated with the power
from the solar battery 9633, the switch SW1 is turned on and
the voltage of the power is raised or lowered by the converter
9637 to a voltage needed for operating the display portion
9631. In addition, when display on the display portion 9631 is
not performed, the switch SW1 is turned off and a switch
SW2 is turned on so that charge of the battery 9635 may be
performed.

Here, the solar battery 9633 is shown as an example of a
power generation means; however, there is no particular limi-
tation on a way of charging the battery 9635, and the battery
9635 may be charged with another power generation means
such as a piezoelectric element or a thermoelectric conversion
element (Peltier element). For example, the battery 9635 may
be charged with a non-contact power transmission module
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that transmits and receives power wirelessly (without con-
tact) to charge the battery or with a combination of other
charging means.

Inatelevision set 8000 in FIG. 15A, a display portion 8002
is incorporated in a housing 8001. The display portion 8002
displays an image and a speaker portion 8003 can output
sound.

A display device such as a liquid crystal display device, a
light-emitting device in which a light-emitting element such
as an organic EL element is provided in each pixel, or the like
described in Embodiment 8 can be used for the display por-
tion 8002.

The television set 8000 may be provided with a receiver, a
modem, and the like. With the receiver, the television set 8000
can receive general television broadcasting. Furthermore,
when the television set 8000 is connected to acommunication
network by wired or wireless connection via the modem,
one-way (from a transmitter to a receiver) or two-way (be-
tween a transmitter and a receiver, between receivers, or the
like) data communication can be performed.

In addition, the television set 8000 may include a CPU for
performing information communication or a memory. The
memory described in Embodiment 4 or the CPU described in
Embodiment 6 can be used in the television set 8000.

In FIG. 15A, an air conditioner which includes an indoor
unit 8200 and an outdoor unit 8204 is an example of an
electric appliance in which the CPU of Embodiment 6 is used.
Specifically, the indoor unit 8200 includes a housing 8201, an
air outlet 8202, a CPU 8203, and the like. Although the CPU
8203 is provided in the indoor unit 8200 in FIG. 15A, the CPU
8203 may be provided in the outdoorunit 8204. Alternatively,
the CPU 8203 may be provided in both the indoor unit 8200
and the outdoor unit 8204. By using the CPU described in
Embodiment 6 as the CPU in the air conditioner, power
consumption can be reduced.

In FIG. 15A, an electric refrigerator-freezer 8300 is an
example of an electric appliance which is provided with the
CPU formed using an oxide semiconductor. Specifically, the
electric refrigerator-freezer 8300 includes a housing 8301, a
door for a refrigerator 8302, a door for a freezer 8303, a CPU
8304, and the like. In FIG. 15A, the CPU 8304 is provided in
the housing 8301. When the CPU described in Embodiment 6
is used as the CPU 8304 of the electric refrigerator-freezer
8300, power consumption of the electric refrigerator-freezer
8300 can be reduced.

An example of an electric vehicle which is an example of
an electric appliance is described in FIG. 15B. An electric
vehicle 9700 is equipped with a secondary battery 9701. The
output of power of the non-aqueous secondary battery 9701 is
adjusted by a control circuit 9702 and the power is supplied to
a driving device 9703. The control circuit 9702 is controlled
by a processing unit 9704 including a ROM, a RAM, a CPU,
or the like which is not illustrated. When the CPU described
in Embodiment 6 is used as the CPU in the electric vehicle
9700, power consumption of the electric vehicle 9700 can be
reduced.

The driving device 9703 includes a DC motor or an AC
motor either alone or in combination with an internal-com-
bustion engine. The processing unit 9704 outputs a control
signal to the control circuit 9702 based on input data such as
data of operation (e.g., acceleration, deceleration, or stop) by
a driver or data during driving (e.g., data on an upgrade or a
downgrade, or data on a load on a driving wheel) of the
electric vehicle 9700. The control circuit 9702 adjusts the
electric energy supplied from the secondary battery 9701 in
accordance with the control signal of the processing unit 9704
to control the output of the driving device 9703. In the case
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where the AC motor is mounted, although not illustrated, an
inverter which converts direct current into alternate current is
also incorporated.

This embodiment can be implemented in combination with
any of the other embodiments, as appropriate.

This application is based on Japanese Patent Application
serial No. 2012-152794 filed with Japan Patent Office on Jul.
6, 2012, the entire contents of which are hereby incorporated
by reference.

What is claimed is:

1. A semiconductor device comprising:

a first insulating layer over an insulating surface;

a first oxide semiconductor layer over the first insulating

layer;

a second oxide semiconductor layer over the first oxide

semiconductor layer;

a third oxide semiconductor layer over the second oxide

semiconductor layer;

a first electrode layer and a second electrode layer over the

third oxide semiconductor layer; and

a second insulating layer over the third oxide semiconduc-

tor layer,
wherein the first oxide semiconductor layer, the second
oxide semiconductor layer and the third oxide semicon-
ductor layer comprise same constituent elements,

wherein a composition of the second oxide semiconductor
layer is different from a composition of the first oxide
semiconductor layer and a composition of the third
oxide semiconductor layer, and

wherein an energy level of a bottom ofa conductive band of

the first oxide semiconductor layer is continuously
changed to an energy level of a bottom of a conductive
band of the second oxide semiconductor layer at an
interface between the second oxide semiconductor layer
and the first oxide semiconductor layer.

2. The semiconductor device according to claim 1, wherein
the energy level of the bottom of the conductive band of the
second oxide semiconductor layer is lower than the energy
level of the bottom of the conductive band of the first oxide
semiconductor layer.

3. The semiconductor device according to claim 1, wherein
the third oxide semiconductor layer is in direct contact with
outer side surfaces of the first oxide semiconductor layer.

4. The semiconductor device according to claim 1, wherein
the third oxide semiconductor layer is in direct contact with
outer side surfaces of the second oxide semiconductor layer.

5. The semiconductor device according to claim 1, wherein
a thickness of the first oxide semiconductor layer is smaller
than a thickness of the second oxide semiconductor layer.

6. The semiconductor device according to claim 1, wherein
a thickness of the first oxide semiconductor layer is smaller
than a thickness of the third oxide semiconductor layer.

7. The semiconductor device according to claim 1, further
comprising a gate electrode layer between the insulating sur-
face and the first insulating layer.

8. The semiconductor device according to claim 1, further
comprising a gate electrode layer over the second insulating
layer.

9. The semiconductor device according to claim 1, further
comprising:

a first gate electrode layer between the insulating surface

and the first insulating layer, and

a second gate electrode layer over the second insulating

layer.

10. The semiconductor device according to claim 1, further
comprising a third insulating layer over the second insulating
layer,
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wherein the third insulating layer is a nitride insulating

film, and

wherein the second insulating layer is an oxide insulating

film.
11. The semiconductor device according to claim 1,
wherein the energy level of the bottom of the conductive band
of the second oxide semiconductor layer is continuously
changed to an energy level of a bottom of a conductive band
of'the third oxide semiconductor layer at an interface between
the second oxide semiconductor layer and the third oxide
semiconductor layer.
12. The semiconductor device according to claim 11,
wherein the energy level of the bottom of the conductive
band of the second oxide semiconductor layer is lower
than the energy level of the bottom of the conductive
band of the first oxide semiconductor layer, and

wherein the energy level of the bottom of the conductive
band of the second oxide semiconductor layer is lower
than the energy level of the bottom of the conductive
band of the third oxide semiconductor layer.

13. A semiconductor device comprising:

a first insulating layer over an insulating surface;

a first oxide semiconductor layer over the first insulating

layer;

a second oxide semiconductor layer over the first oxide

semiconductor layer;

a third oxide semiconductor layer over the second oxide

semiconductor layer;

a first electrode layer and a second electrode layer over the

third oxide semiconductor layer; and

a second insulating layer over the third oxide semiconduc-

tor layer,
wherein the first oxide semiconductor layer, the second
oxide semiconductor layer and the third oxide semicon-
ductor layer comprise same constituent elements,

wherein a composition of the second oxide semiconductor
layer is different from a composition of the first oxide
semiconductor layer and a composition of the third
oxide semiconductor layer,

wherein an energy level of a bottom of a conductive band of

the first oxide semiconductor layer is continuously
changed to an energy level of a bottom of a conductive
band of the second oxide semiconductor layer at an
interface between the second oxide semiconductor layer
and the first oxide semiconductor layer, and

wherein a thickness of a region of the first insulating layer

which overlaps with the first oxide semiconductor layer
is larger than a thickness of a region of the first insulating
layer which does not overlap with the first oxide semi-
conductor layer.

14. The semiconductor device according to claim 13,
wherein the energy level of the bottom of the conductive band
of the second oxide semiconductor layer is lower than the
energy level of the bottom of the conductive band of the first
oxide semiconductor layer.
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15. The semiconductor device according to claim 13,
wherein the third oxide semiconductor layer is in direct con-
tact with outer side surfaces of the first oxide semiconductor
layer.

16. The semiconductor device according to claim 13
wherein the third oxide semiconductor layer is in direct con-
tact with outer side surfaces of the second oxide semiconduc-
tor layer.

17. The semiconductor device according to claim 13,
wherein a thickness of the first oxide semiconductor layer is
smaller than a thickness of the second oxide semiconductor
layer.

18. The semiconductor device according to claim 13,
wherein a thickness of the first oxide semiconductor layer is
smaller than a thickness of the third oxide semiconductor
layer.

19. The semiconductor device according to claim 13, fur-
ther comprising a gate electrode layer between the insulating
surface and the first insulating layer.

20. The semiconductor device according to claim 13, fur-
ther comprising a gate electrode layer over the second insu-
lating layer.

21. The semiconductor device according to claim 13, fur-
ther comprising:

a first gate electrode layer between the insulating surface

and the first insulating layer, and

a second gate electrode layer over the second insulating

layer.

22. The semiconductor device according to claim 13, fur-
ther comprising a third insulating layer over the second insu-
lating layer,

wherein the third insulating layer is a nitride insulating

film, and

wherein the second insulating layer is an oxide insulating

film.

23. The semiconductor device according to claim 13,
wherein the energy level of the bottom of the conductive band
of the second oxide semiconductor layer is continuously
changed to an energy level of a bottom of a conductive band
of'the third oxide semiconductor layer at an interface between
the second oxide semiconductor layer and the third oxide
semiconductor layer.

24. The semiconductor device according to claim 23,

wherein the energy level of the bottom of the conductive
band of the second oxide semiconductor layer is lower
than the energy level of the bottom of the conductive
band of the first oxide semiconductor layer, and

wherein the energy level of the bottom of the conductive
band of the second oxide semiconductor layer is lower
than the energy level of the bottom of the conductive
band of the third oxide semiconductor layer.
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